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ABSTRACT
Presented are three papers on the aspects of crystal chemistry, structure, and 
formation conditions of lib trioctahedral chlorite and actinolite (tremoiite) of low-grade 
metamorphism and metasomatism in the Archean Barberton greenstone belt. A fourth paper 
reports the pressure effect on the Na-K geothermometer, which results from the study of 
fluid-rock interaction during low temperature geological processes.
The chemical compositions of the two Fe-Mg minerals show strong associations 
with the MgORock because MgOR,** was the least available stoichiometric component 
during the crystallization of the minerals. All major cation abundances in both minerals are 
strongly correlated with each other. A complex exchange vector explains over 90% of the 
chlorite compositional variation: Mg4SiFe2+.3Alv,.1AlIv.1, and a complex substitution 
expresses the actinolite variation: 3 parts ofedenite substitution-5 parts o f tschermakite 
substitution-2 parts o f riebeckite/glaucophane substitution. A chemical composition 
limitation is observed, 1.5-9.2 Mg pfu and 1.0-3.2 A1IV for the chlorite and 2.5-4.5 Mg for 
the actinolite.
The chlorite chemical variation pattern is required for the dimensional fit between 
the tetrahedral and octahedral sheets, and between the talc-like and brucite-like layers. This 
is consistent with the calculation of b-dimensions and dimensional changes upon the 
chemical variation of the chlorite. The tetrahedral rotation a  is not important in fitting the 
"free" structural sheets in trioctahedral chlorite. The dimensional fit also plays a role in the 
ordering of octahedral cations and in the limitation for the amounts of Mg and Si in chlorite.
The actinolite chemical variation relates to various cation substitution mechanisms 
involving local charge balance aid dimensional fit between the silica double chain and 
octahedral strip.
Molal volume data can be used to derive the InK-T-P relation in considering the 
pressure effect for chemical geothermometers. For the Na-K exchange reaction:
ix
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iogfo(r,P)=iogg,(r,Pi)-<9'064+vo"**-VOt*)(p- p')10~'mI’'” r
2.303 x 8.314(7 / K ■ mol)T(K)
The pressure factor is positive on equilibrium temperature within the temperature range of
0° to 300°C and the pressure has an effect of 9°C at an equilibrium temperature of about
260°C between 1 bar and 1000 bar.
x
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CHAPTER 1. INTRODUCTION
1.1 Objectives
As one of the oldest remnants of crust on Earth, the 3.2-3.5 billion year oid 
Barberton greenstone belt (BGB), South Africa, has long been of interest to geologists.
The early history of the Earth, including fractionation of its mantle, development of its 
crust, and even origin and evolution of life, must be interpreted based on the record 
represented in rocks such as those of the BGB (Smith and Erlank, 1982; Viljoen et al., 
1983; Sun, 1984; Byerly et al., 1986b). However, the information contained in these rocks 
has been largely complicated by the late superimposed low temperature alteration. In order 
to retrieve the information for those basic problems relating to the early history of the Earth, 
it is critical to understand the nature of the alteration and its influence on the original 
volcanic rocks (e.g. Vilijoen and Viljoen, 1969a, b; Lahaye et al., 1995). This project is 
proposed to study the low temperature alteration through the minerals formed during this 
geological event.
The secondary minerals
One of the basic characteristics of the greenstone belt is the pervasive greenschist 
metamorphism and the low temperature alteration (Viljoen and Viljoen, 1969a, b; de Wit, 
1982; Byerly et al., 1986; Duchac and Hanor, 1987; Cloete, 1991). Metamorphic chlorite 
and actinolite (tremolite) exist in most of the mafic and ultramafic rocks, and some of the 
dacitic and metasomatic rocks in the BGB. This study is aimed at these secondary minerals: 
to understand their compositional and structural variations, and possibly the implications 
for the geothermobarometry and the physicochemical conditions for the alteration.
Chlorite and actinolite (tremolite) are common products of medium to low grade 
metamorphism and hydrothermal activity. Chlorite also can be found in rocks of very low 
grade metamorphism to diagenesis. The variable compositions of chlorite and actinolite 
record information about the physicochemical conditions of mineral formation (e.g. Leake,
1
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1965; Bard, 1970; Graham, 1974; Raase, 1974; Bickle and Powell, 1977; Brown, 1977; 
Stoessell, 1984; Bevins et al., 1991). A number of geothermobarometers that relate to the 
chemical composition of these two minerals have been proposed (e.g. Spear, 1980; 
Plyusnina, 1982; Cathelineau and Nieva, 1985; Hammarstrom and Zen, 1986; Walshe, 
1986; Hutcheon, 1990; Tribouiet, 1991). However, the chemical composition of the 
mineral is also suspected to be influenced by other factors, including the bulk rock 
composition (Kranidiotis and MacLean, 1987; Caritat et al., 1993). There has been little 
work on the relationship between the chemical compositions of these metamorphic minerals 
and their host rocks because it has been difficult to obtain data that is not complicated by 
bulk rock composition. Only recently, a few studies reported a positive correlation between 
the FeO/(FeO+MgO) ratios of the minerals and the rock (Cathelineau and Nieva, 1985; 
Kranidiotis and MacLean, 1987; Bevins et al., 1991). Samples in this study were collected 
from a relatively small area in the interior of the BGB including some interlayered on a 
scale of a few tens of meters. The systematic study on the chemical data of a mineral from 
one geological locality has been a useful way to understand many geological problems (e.g. 
Cathelineau and Nieva, 1985; Kranidiotis and MacLean, 1987). However, there have been 
few studies that correspondingly studied the bulk rock composition. Further more, the 
relatively narrow formation condition and wide ranges of chemical compositions make the 
chlorite and actinolite from the BGB the best samples to attack these problems. The 
chemical relationships between the minerals and the bulk rock and the implications to the 
interpretations of the metamorphism and metasomatism of the BGB are reported in chapters 
2 and 4.
The relationship between the crystal structure and the chemical composition of 
minerals is one of the fundamental aspects of mineralogy. Major cation substitution 
schemes in these minerals, such as tschermakite, have been recognized by early researchers 
(e.g. Foster, 1962; Thompson et al., 1982). Methods, such as vector denotation, have 
been applied to help define more complex chemical substitution in a mineral (Burt, 1974;
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Thompson et al., 1982). However, the real chemical variation in a complex mineral, such 
as chlorite or actinolite, is also influenced by the formation conditions. It is again necessary 
to study the appropriate mineral chemical data that is not influenced by formation conditions 
and the type of geological processes. The dimensional fit between the tetrahedral and the 
two types of octahedral sheets that often have different "free" dimensions has often been 
interpreted as the result of the structural adjustment, such as tetrahedral rotation, 
thickening, tilting, and octahedra flattening (Radoslovich and Norrish, 1962; Donnay et al., 
1964; Takeda and Burnham, 1969). Tetrahedral rotation has been widely considered as the 
most important distortion to reduce a relatively larger tetrahedral sheet to fit the smaller 
octahedral sheet by many researchers (e.g. Newnham and Brindley, 1956; Steinfink,
1958a,b, I960; Radoslovich, 1960, 1961, 1962; Donnay et al., 1964; Hazen and Wones, 
1972; Hazen and Burnham, 1973; Lee and Guggenheim, 1981; Bailey, 1984). However, 
there has not been direct evidence to prove this interpretation, and the relationship between 
the rotation angle and the degree of misfit has not been clearly studied. A theoretical 
calculation about the b-dimensions and their changes upon the chemical variation of the 
chlorite is carried out in chapter 3. Detailed studies of the relationship between chemical 
composition of chlorite and actinolite and their crystal structures are addressed in this 
chapter and chapter 4. This includes the structural constraints on the chemical variation 
patterns, the composition limitations, and cation ordering in the minerals.
Pressure effect on the Na-K geothermometry
Estimating the temperature of underground natural waters is important for water- 
mineral interaction research and geothermal field exploration. The concentrations of certain 
chemical species in natural water systems are indicators of the temperature under which the 
last equilibrium between the natural water and the mineral phases has been reached 
(Fournier and Rowe, 1966; Reed and Spycher, 1984; Chiodini et al., 1991). Therefore, 
chemical geothermometers based on the concentrations of chemical species in water-rock
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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system have been of interest to people since the 1960s (e.g. Morey et al., 1962; Fournier 
and Rowe, 1966; Fournier and Truesdell, 1973; Shikazono, 1976; Ellis, 1979; Marini et 
al., 1986; Pope et al., 1987; Giggenbach, 1988; Chiodini et al., 1991). As the result of the 
effort to resolve the fluid composition through chemical geothermometers, chapter 5 
addresses the pressure effect on the Na-K geothermometry.
As common mineral phases in the upper crust, feldspars have been intensively 
investigated in natural water systems. The Na-K exchange reaction has been used to 
construct chemical geothermometers for estimating the temperature of natural waters at 
depth. The basic assumptions are that the natural water has reached equilibrium with alkali 
feldspars and this equilibrium has been preserved at the time of sampling. Numerous 
studies show that this kind of geothermometer provides valuable information about natural 
water systems. However, uncertainties about the geothermometry remain. One uncertainty 
has been the pressure effect on the temperature estimation. Some investigators, e.g. 
Helgeson (1969), believe that this assumption is adequate at temperatures below 300°C. 
Other workers, e.g. Ragnarsdottir and Walther (1983), argue that the pressure factor may 
be significant to some geothermometers. In chapter 2, the magnitude of the pressure factor 
on Na-K geothermometry is investigated. Some water-rock interaction experimental data, 
partial molal volumes of Na+ and K+, and a theoretically regressed InK-T functional 
relation for the equilibrium between water and microcline and low albite are used in the 
consideration of a pressure effect on the temperature estimates of natural water.
1.2 Geological setting
The Barberton greenstone belt located near the eastern edge of the Kaapvaal craton 
in the Eastern Transvaal Province, South Africa, is one of the best preserved Early to 
Middle Archean supracrustal remnants. It was formed during the interval 3.5-3.2 Ga 
(Kroner et al., 1991; S. Kamo and D. Davis, 1991; Byerly et al., 1993), and contains a 
lower volcanic sequence, the Onverwacht Group, and two upper sedimentary divisions, the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Fig Tree Group and the Moodies Group (Figs. 1.1 and 1.2) (Viljoen and Viljoen, 1969a; 
de Wit, 1982 Lowe et al., 1985). The Onverwacht Group is composed of the komatiitic 
Komati Formation, the tholeiitic Hooggenoeg Formation, and Kromberg Formation 
(Viljoen and Viljoen, 1969a). At the top of the Onverwacht Group is an interbedded 
komatiite and chert unit, the Mendon Formation (Lowe and Byerly, in press). The belt is 
surrounded by granitoids.
The rocks in BGB were subject to low-grade alteration and greenschist 
metamorphism. Four types of metamorphism have been proposed (Hall, 1918; Viljoen and 
Viljoen, 1969b; Anhaeusseret al., 1969; Anhaeusser, 1984; Cloete, 1991): contact, 
regional low grade, sea-floor, and burial metamorphism. Contact metamorphism has only 
been reported along the boundary of the belt, and the metamorphic grade ranges up to 
amphibolite facies. Rocks in the interior of the belt experienced regional greenschist 
metamorphism. No direct relationship to the granitoids nor other metamorphic zone has 
been identified in the study area. This pervasive greenschist facies metamorphism, although 
of uncertain origin, is a common feature in many other greenstone belts and is not directly 
related to magmatic processes (e.g. Anhaeusser et al., 1969; Binns et al., 1976; Bickle and 
Archibald, 1984). Chlorite and actinolite were formed during the pervasive greenschist 
facies metamorphism.
Silicification, sericitization, and carbonatization are pervasive types of low 
temperature alteration which is chiefly manifested by emplacements of quartz, sericite, 
chlorite, talc, and Ca-Ma-Fe carbonates (Viljoen and Viljoen, 1969b; de Wit, 1982a, b; 
Byerly et al., 1983; Stanistreet and Hughes, 1984; Byerly and Lowe, 1986; Lowe and 
Byerly, 1986; Duchac and Hanor, 1987; Hanor and Duchac, 1990). de Wit (1982) noticed 
that the alteration shows more or less a pattern parallel to the stratigraphic strata. Lowe and 
Byerly (1986), furthermore, reported that the alteration strongly occurred near the tops of 
many komatiitic flow sequences and beneath overlying cherty layers. Recently, boron 
metasomatism has been recognized and a two-stage boron mineralization model that
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Fig. 1.2 Simplified stratigraphy of Barberton greenstone belt (after Byerly 
and Palmer, 1991)
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hypothesized an environment of early life on the Earth has been proposed (Byerly et al., 
1986a, b; Byerly and Palmer, 1991).
Samples were collected from the interior of the greenstone belt, mainly from the 
Onverwacht Group. Several dacitic rocks came from the Fig Tree Group in the same area. 
By convention, the names of protoliths of these metamorphosed rocks are used for 
description of the rock types in the discussion. They include the original volcanic and the 
low temperature altered rocks: ultramafic sills, olivine and pyroxene cumulates, komatiites, 
komatiitic basalts, basalts, carbonatized basalts, silicified basalts, dacites and silicified 
dacites, silicon and boron metasomatized rocks, and boron metasomatized rocks. The 
petrography and petrochemistry of the rocks are given in Appendices A and B. The 
minerals that characterize the greenschist facies metamorphism include actinolite, tremolite, 
chlorite, albite, calcite, ankerite, clinozoisite, quartz, tourmaline, magnetite, sphene, rutile, 
pyrophyllite and sericite. In most rocks, the original volcanic structures and textures are 
preserved, such as pillow structure and spinifex texture, as well some of the relict primary 
igneous mineral phases, such as clinopyroxene, spinel, and rarely amphibole.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 2. IIB TRIOCTAHEDRAL CHLORITE FROM THE 
BARBERTON GREENSTONE BELT: CRYSTAL STRUCTURE AND 
ROCK COMPOSITION CONSTRAINTS WITH IMPLICATIONS TO
GEOTHERMOMETRY
2.1 Introduction
Chlorite is a common product of medium to very low grade metamorphism, 
hydrothermal alteration, and diagenesis, and can be found in silicic to ultramafic rocks. The 
variable chemical composition of chlorite records information about the physicochemical 
conditions of mineral formation. A number of efforts have been made to develop a 
quantitative model relating the chemical composition of chlorite to its forming conditions, 
especially at low to very low temperatures, where the thermodynamic data, such as the 
parameters for activity coefficients, are lacking (e.g. Stoessell, 1984; Cathelineau and 
Nieva, 1985; Walshe, 1986; Hutcheon, 1990; Caritat et al., 1993). However, the chemical 
variation of chlorite is also influenced by several other factors, including the bulk chemical 
composition of the host rock, the coexisting mineral assemblage, and the details of chlorite 
crystal structure. It is important to get a clear picture of the relationship among the chemical 
composition of chlorite, the bulk chemical and mineral compositions of the host rock, and 
the formation conditions.
The chemical relationship between chlorite and its host rock has been studied by a 
few researchers, producing a positive linear correlation between the FeO/(FeO+MgO) of 
chlorite and the ratio in the rock. The ratio in chlorite is associated with the ratio in rock 
(e.g. Cathelineau and Nieva, 1985; Kranidiotis and MacLean, 1987; Bevins et al., 1991). 
However, FeO/(FeO+MgO) ratio of chlorite are also influenced by constraints imposed by 
the crystal chemistry of chlorite and the association with different amounts of magnetite and 
Fe sulfides variably saturated in Fe and with different oxidation states. The relationship 
between the chemical composition of chlorite and other Al-bearing minerals in the rock has 
also been mentioned in several previous studies (e.g. Albee, 1962; Kranidiotis and 
MacLean, 1987). Kranidiotis and MacLean (1987) proposed the Al-saturated and Al-
9
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undersaturated boundaries for chlorite composition in Al-Fe-Mg ternary diagram. Chlorites 
plotted along these two boundaries have different petrological and thermodynamic 
significance. However, as proposed by some researchers, the Al content of chlorite is also 
largely related to the P-T conditions of formation (Foster, 1962; Cathelineau and Nieva, 
1985; Hillier and Velde, 1991). A study of the chemical variation of chlorite formed under 
similar conditions should provide additional insight on the relationship between chlorite and 
the host rock.
The structural constraints on the chemical composition of chlorite have largely been 
attributed to two important cation substitutions described in early studies (e.g. Foster, 
1962): Mg by Fe2+, and tetrahedral and octahedral Al by Si and Mg. Shirozu (1960, cited 
from Bailey, 1988) and Brown and Bailey (1962) noticed a possible broad correlation 
between tetrahedral Al and the Fe2+/(Fe2++Mg) ratio of chlorite from diverse samples and 
geologic settings. Chlorite from the Barberton greenstone belt (BGB) gives a much better 
defined AlIV-Fe2+/(Fe2++Mg) relation because the chlorite came from the same geological 
setting, formed under similar conditions, and has a large compositional range.
Chlorite is a common mineral in many BGB metavolcanic rocks. These rocks are 
chemically diverse, ranging from ultramafic to highly siliceous. The chlorite found in these 
rocks is the trioctahedral lib type and spans almost the full compositional range of natural 
Fe-Mg-Al trioctahedral chlorite reported in the literature. It was formed within restricted 
physicochemical conditions during greenschist metamorphism. Hence BGB chlorite 
provides a good opportunity to study the chemical variation of chlorite, the chemical 
influence of the host rock, the constraints of crystal structure, and to further understand 
chlorite geothermometry. Our intention is to clarify the rock influence and structural 
constraints on the chemical composition of chlorite, and to illustrate their affect on chlorite 
geothermometry.
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2.2 Chlorite occurrence
Chlorite grains are usually less than 0.05 mm in diameter in the rocks and often 
occur as large aggregates. They are normally found in the groundmass of metamorphosed 
volcanic rocks. Chlorite also exists as pseudomorphs after pyroxene and olivine in the 
mafic and ultramafic rocks, as the alteration product of hornblende and biotite in dacitic 
ones, and as trace impurities in quartz veins (two samples). It represents from trace 
amounts up to 30% of total rock volume. In most samples chlorite is chemically and 
optically homogeneous, however, small amounts of a second type of chlorite exist in three 
samples: 266-6, 29-7, and 83-1. The origin of this second chlorite is not clear. Local 
chemical nonequilibrium or retrograde metamorphism might be the reason. The minerals 
coexisting with chlorite in these rocks are listed in Table 2.1.
Table 2.1 Coexisting greenschist facies minerals in the samples
Rock type (sample#) Greenschist metamorphic m ineral assemblage
O livine cumulate (106-2,78-5)
Pyroxene cumulate (78-6, 8)
K om atiite (224-10,224-14,229s)
K om atiitic basalt (!07s,224s,266s,268s,29 ,2 I2 ,356) 
B asalt (216,266-8,300)
Carbonatized basalt (l-42s)
Dacite and altered dacite (17s,l-6 .31,53s.55,83,128) 
Silicified basalt (17-5)
Boron metasomatized komatiitic basalt (267-1) 
Si-B-Carbonate metasomatized rock (210s,228s)
Chl+Trem+Mt+Serp (±Talc)
Chl+Act+Mt (±Ab, Cc)
Chl+Trem (Act)+Sph+Mt (±Q, Ab, Py) 
Chl+Act+Ab(±Mt, Sph, Cc, Py, Ep) 
Chl+Q+Act+Ab+Mt (±Ser, Ep) 
Chl+Q+Ser+Carbonates+Sph+M t 
Chl+Q+Ser+Cc+Mt (±Act. Ab, M ic, Ep) 
Chl+Q+Ser+Mt+Sph 
Chl+Tour+Q+Mt
Chl+O+Ser+Tour+Mt (±Pyrophillite, Cc. Rut)
Chl— Chlorite, Ab-albite, Act-actinolite, C c-calcite, Ep-epidote, Mic-microcline, M t-m agnetite, 
Py— Pyrite, Q-quartz, Rut-rutile, Sph-sphene, Serp-serpentine, Tour-tourmaline, Trem-tremoiite
2.3 Analytical techniques
Individual chlorite grains were analyzed on a JXA-733 microprobe with three 
automated WDS spectrometers. Elemental abundances were mainly standardized on the 
Smithsonian National Museum mineral standard Kakanui Hornblende (#143965) and two 
feldspar standards prepared by the University of Toronto. All analyses were conducted at 
15 Kv accelerating voltage with 30-60 second counting times per element and 2 nA probe 
current. Three different mineral standards were used to evaluate the accuracy and precision 
of the analyses (Table 2.2, left part). The data for the two Smithsonian standards, Kakanui
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Augite (#122142) and Johnstown Hypersthene (#746), were collected over a two-year 
period, hence they also reflect the long-term instrumental stability. Twenty-five of the 28 
analyses on Toronto chlorite were analyzed during a statistic run. The results show that our 
mean values are very close to the reference values and that the standard deviations are 
acceptably low.
XRD analysis of ten selected chlorite samples was conducted with a Philips (model 
PW1710) diffractometer. The goniometer used an automatic divergence slit and a 0.2 mm 
receiving slit. Data were collected by the step counting method with 0.04° 20 increments 
and 1.0s counting times for the oriented samples and 0.02° 26 increments and 1.5 seconds 
for randomly oriented samples. Oriented and randomly oriented specimens were produced 
from the clay-sized fraction by smearing on a glass slide and side-loading, respectively.
Table 2.2 Precision and accuracy evaluation of bulk rock and mineral chemical analyses
Oxide
Mineral Microprobe Analyses Bulk Rock Analyses
Kakanui Augite 1 Johnstown Hypersth. 1 Toronto dhl 
M(16)t Stdev R eflM (I5)t Stdev Ref IM(28)t Stdev Ref
Andesite 1 Basalt 1 Altered basalts 





50.26 0.71 50.73! 54.06 0.30 53.94! 29.68 0.51 30.04 
8.63 0.07 8.731 1.09 0.05 l.OOj 17.88 0.30 18.08 
6.52 0.27 6.34| 15.14 0.31 15.22| 3.59 0.24 3.31 
16.42 0.16 16.651 27.60 0.31 27.501 32.56 0.62 33.51
55.37 1.55 ! 49.71 1.16* 54.30 53.32 
752 0.18, 16.70 0.49 j 13.24 12.90 
1154 0.331 10.66 0.34| 13.23 13.89 
11.63 0.301 9.94 0.181 5.70 6.02
t —mean value and the number of points measured in a period of two years. Andesite—one solution analyzed IS times by 
i —25 of the 28 analyses were carried out in a statistic experiment. ICP-AES.
the rest three measurements were done in a period of two years. Basalt—digested 4 times and the solutions 
Stdev—standard deviation. were analyzed 7 times by 1CP.
Ref—reference value. Altered basalts—largest difference between
ICP&XRF among the results of five samples.
The rock samples are difficult to process to extract chlorite because some of them were 
silicified. Two samples were used to evaluate the procedure. The key step is to pulverize 
the sample to 0.25 to 0.045 mm size without damaging the crystal structure too much. This 
was done by starting the pulverizer with a gap from about 0.2 cm and gradually closing it 
down to 0.3 mm in about ten steps. The 0.25-0.045 mm size fraction was collected by 
sieving after each run. Chlorite and other minerals were identified by comparing XRD peak 
positions to these listed in the PDF and other references. Polytype identification was 
accomplished by comparison with the diagnostic X-ray diffraction lines listed by Bailey 
(1984, fig. 1.27, and table 1.22).
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Bulk rock composition was determined by ICP-AES ( and XRF techniques. For 
ICP analysis, 29 samples were digested by the lithium metaborate method following the 
protocol of Thompson and Walshe (1983) with slight modifications. USGS standards 
AGV, DTS, GSP, PCC, BHVO, RGM, STM, BIR, and DNC (reference values from 
Govindaraju, 1989) were used to calibrate the instrument and maintain quality control.
Eighteen samples were analyzed by XRF at the University of Cape Town. The precision of 
ICP analysis and a simple comparison of the results of ICP and XRF methods are 
presented in the right part of Table 2.2. The andesitic sample was digested once and the 
solution was analyzed 15 times by the ICP, each time with three measurements, to check 
the instrumental variability. The basaltic sample was digested four times and the four 
solutions were analyzed seven times over a period of two years by the ICP, which provides 
evaluation of the errors caused by sample digestion procedure and long-term instability of 
instrument. The comparison of the results of ICP and XRF was conducted by analyzing 
splits of five samples by both techniques. Listed in Table 2.2 are the largest differences 
detected by the two techniques from the 5 samples. This comparison provides an interlab 
check and ensures the consistency of the two techniques.
2.4 Results
Chlorite chemical composition
Chlorite from 53 samples was analyzed in this study. The average chemical 
composition for each sample mostly represents 8-20 spot analyses from several grains.
Listed in Table 2.3 are chlorite data from 24 representative rock samples (the complete data 
table can be obtained from the authors upon request). Total iron is presented as FeO. The 
MnO content (not listed in Table 2.3) ranges from 0.1 to 0.4 wt%, mostly below 0.2 in the 
22 samples in which MnO was determined. The standard deviation listed in the table 
represents the total analytical uncertainty and the true chemical variation among individual 
grains in a sample. The relatively small standard deviation indicates that the chlorite is
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generally homogeneous in chemical composition in each sample and thus the mineral had 
approximately reached equilibrium during greenschist metamorphism.
The structural formulae (Table 2.3) were calculated on the basis of C>2o(OH)i6, and 
Fe was treated as Fe2+. This is probably appropriate for metamorphic trioctahedral lib 
chlorite based on the data review of Foster (1962) and the study of Hillier and Velde 
(1991), though debate about the oxidation state of Fe in chlorite continues. Higher values 
for the total number of cations, octahedral occupancies, and cations in all structural sites 
except for tetrahedral A1 are expected if Fe3+ exists in the chlorite. A simple evaluation of 
the ferrous/ferric Fe effect on chlorite formula calculations is presented in Table 2.4, in 
which two chlorite samples (one Mg-rich and one Fe-rich) were calculated by assuming all 
Fe was FeO (a) and then Fe0 /(Fe0 +Fe2 0 3 ) was 0.9 (b). The calculated differences for 
cation numbers between the two oxidation states are not significant (generally <0.03 
atoms). The presence of over 0.1 Fe2C>3 to the total Fe oxides in a high Fe-chlorite results 
in 0.16 less Fevl and 0.25 fewer octahedral cations. A low Fe3+/ZFe ratio (0.12) of 
amphibole under quartz-fayalite-magnetite redox buffer was listed by Blundy and Holland 
(1990). Because quartz and magnetite are common minerals coexisting with chlorite in 
most of the samples, chlorite in this study should also be low in Fe3+.
The sum of octahedral cations is very close to 12 in all samples confirming that the 
chlorite is predominantly trioctahedral. The BGB chlorites include those with extreme 
compositions (high and low AI, Fe, and Mg) compared to trioctahedral chlorites reported in 
the literature (reference data, Foster, 1962; Deer et al., 1962; Newman and Brown, 1987). 
The chlorite covers the range from ferrous clinochlore to magnesian-aluminian chamosite 
based on the nomenclature of Bayliss (1975). The general chemical variation of the chlorite 
is shown in Fig. 2.1. Si, Al, Fe, and Mg are the only important chemical components. The 
number of Si atoms per formula unit (pfu) ranges from 4.83 to 6.94, XA1 from 2.33 to 
6.51, Fe from 1.30 to 7.06, and Mg from 1.75 to 9.16.
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Table 2.3 Microprobe analyses and structural formulae* of 24 selected BGB chlorites
(listed values are means and standard deviations, a total of 53 samples were analyzed)
sample 106-2(8)1- 78-6(13) 224-10(11) 229-2(15) 229-3(8) 266-6(12) 266-9(14) 268-2(20)
Si02 34.78 ± 1.28 30.11 ±0.75 32.98 ± 0.64 32.68 ± 1.18 33.05 ± 1.85 31.72 ±0.53 27.19 ±0.56 28.40 ± 1.38
Ti02 0.04 ± 0.02 0.02 ± 0.02 0.04 ± 0.03 0.05 ± 0.04 0.04 ±  0.04 0.02 ±  0.01 0.02 ±  0.01 0.02 ± 0.02
A1203 11.41 ± 1.30 16.31 ± 1.08 12.83 ± 0.29 13.87 ± 132 13.12 ±  1.90 15.80 ±  0.32 19.17 ±  0.57 18.78 ±  1.31
Cr203 0.20 ±  0.20 0.18 ±0.06 0.09 ± 0.05 0.19 ±0.15 0.19 ±0.13 0.09 ±  0.04 0.03 ±  0.03 0.73 ± 0.19
FeO 7.97 ± 0.99 21.28 ±0.55 9.90 ± 0.22 13.87 ±0.98 13.62 ± 1.16 19.16 ±0.37 26.79 ±  0.56 19.18 ±0.58
MgO 31.59 +0.43 20.12 ±0.64 29.71 ±0.71 26.94 ± 0.64 27.62 ±  0.86 22.88 ±  0.58 16.05 ±  0.56 20.50 ± 0.60
CaO 0.11 ±0.03 0.41 ±0.41 0.16 ±0.04 0.13 ±0.05 0.15 ±0.11 0.10 ±0.02 0.09 ±  0.04 0.22 ± 0.50
Na20 0.09 ± 0.03 0.05 ± 0.03 0.06 ± 0.03 0.05 ± 0.04 0.04 ± 0.03 0.10 ±0.04 0.06 ±  0.03 0.09 ± 0.20
JC20 0.04 ± 0.03 0.04 ± 0.03 0.04 ± 0.02 0.08 ±0.11 0.02 ± 0.02 0.01 ±0.01 0.01 ±0.01 0.01 ±0.01
"Total “  —■86-2 F ± a 6 4 “ 88.52“±“ i .40” 85~8“  ± ” 3"S “ 87.85“±O90“ 87”85± a7"8 '“ 89.89“±“ l l “ 89.40 ±  135 87.93 ± 1.19
Si $ 6.76 ± 0.23 6.13 ±0.19 6.52 ± 0.04 6.44 ± 0.20 6.50 ± 0.33 6.26 ± 0.03 5.65 ± 0.04 5.77 ± 0.24
Alt IV) 1.24 ±0.23 1.87 ±0.19 1.48 ±0.04 1.56 ±0.20 1.50 ±0.33 1.74 ±0.03 2.35 ±  0.04 2.23 ± 0.24
Al(VI) 1.38 ±0.12 2.04 ± 0.04 1.51 ±0.06 1.65 ±0.14 1.54 ±0.13 1.94 ±0.05 2.34 ±  0.08 2.27 ±0.10
Ti 0.01 ±0.00 0.00 ± 0.00 0.01 ±0.00 0.01 ±0.01 0.01 ±0.01 0.00 ±  0.00 0.00 ±  0.00 0.00 ± 0.00
Cr 0.03 ± 0.03 0.03 ±0.01 0.01 ±0.01 0.03 ± 0.02 0.03 ± 0.02 0.01 ±0.01 0.01 ±0.01 0.12 ±0.03
Fe 1.30 ±0.16 3.62 ± 0.07 1.64 ±0.05 2.29 ±0.17 2.24 ± 0.20 3.16 ±0.08 4.65 ±0.15 3.26 ±0.12
Mg 9.16 ±0.13 6.10 ±0.13 8.75 ±0.11 7.91 ±0.16 8.10 ±0.21 6.73 ±0.12 4.97 ±0.10 6.21 ±0.15
XFe 0.12 ±0.01 0.37 ±0.01 0.16 ±0.01 0.22 ± 0.02 0.22 ± 0.02 0.32 ± 0.01 0.48 ±0.01 0.34 ± 0.01
IV I 11.87 ±0.09 11.80 ±0.16 11.92 ±0.04 11.89 ±0.08 11.92 ±0.12 11.85 ±0.03 11.97 ±0.05 11.85 ±0.22
sample 212-9(8) 266-8(17) 300-9(6) 1 -42A( 11) 1-42D(8) 17-7(7) 1-6(6) 53-1 A(7)
Si02 26.71 ±0.55 26.88 ± 1.22 26.16 ± 1.45 24.45 ± 0.37 24.60 ± 0.43 26.24 ±  0.77 27.19 ±0.43 29.12 ±0.90
Ti02 0.04 ± 0.02 0.03 ± 0.03 0.07 ± 0.05 0.06 ± 0.03 0.04 ± 0.03 0.04 ± 0.03 0.03 ± 0.03 0.05 ± 0.04
AI203 19.80 ± 0.43 19.66 ± 0.80 18.57 ± 1.63 21.41 ± 0 3 0 21.43 ±0.48 18.81 ±0.66 18.94 ±  0.44 17.20 ± 0.51
Cr203 0.77 ±0.15 0.65 ± 0.42 0.07 ± 0.07 0.05 ± 0.04 0.05 ±0.04 0.08 ±  0.05 0.03 ± 0.03 0.08 ± 0.07
FeO 24.97 ± 0.52 23.48 ± 1.50 34.64 ± 1.63 32.56 ± 0.63 33.14 ±0.28 33.92 ±  1.96 29.23 ± 0.59 20.04 ± 0.54
MgO 16.92 ± 0.48 16.88 ±1.21 11.19 ± 1.30 11.47 ± 0 3 4 10.75 ± 0.37 12.27 ± 1.11 14.65 ± 0.32 22.30 ± 0.55
CaO 0.26 ± 0.33 0.28 ± 0.35 0.07 ± 0.03 0.10 ±0.04 0.17 ±0.13 0.09 ± 0.09 0.06 ± 0.02 0.08 ± 0.06
Na20 0.04 ± 0.04 0.09 ± 0.06 0.06 ± 0.05 0.04 ± 0.03 0.03 ± 0.03 0.03 ±  0.02 0.04 ± 0.02 0.04 ± 0.05
_K2° 0.02 ±0.03 0.01 ±0.01 0.09 ±0.10 0.04 ± 0.02 0.06 ± 0.07 0.19 ±0.18 0.03 ±0.02 0.09 ±0.11
"Total “  “ 89~5r± “ 24'"87.96“±“ !44* 90- 9 l  ± 7j"5'”95T7“±“ 0 8 “ ■5o“25" ± “ 17 ” 9“ .S5“±“o39" "§0“2<7 ± T.T) “ 85.02“ ±“ i i r
Si 5.51 ±0.05 5.59 ±0.19 5.58 ± 0.25 5.21 ±0.06 5.25 ± 0.07 5.53 ± 0.06 5.67 ± 0.08 5.86 ± 0.07
Al(IV) 2.49 ± 0.05 2.41 ±0.19 2.42 ± 0.25 2.79 ± 0.06 2.75 ± 0.07 2.47 ± 0.06 2.33 ± 0.08 2.14 ±0.07
Al(VI) 2.32 ± 0.07 2.42 ± 0.08 2.26 ±0.21 2.59 ± 0.05 2.64 ± 0.05 2.21 ±0.12 2.32 ± 0.03 1.95 ±0.07
Ti 0.01 ±0.00 0.00 ± 0.00 0.01 ±0.01 0.01 ±0.00 0.01 ±0.00 0.01 ±0.01 0.00 ± 0.00 0.01 ±0.01
Cr 0.13 ±0.02 0.11 ±0.07 0.01 ±0.01 0.01 ±0.01 0.01 ±0.01 0.01 ±0.01 0.01 ±0.01 0.01 ±0.01
Fe 4.30 ±0.11 4.09 ± 0.29 6.18 ±0.30 5.80 ±0.14 5.92 ± 0.04 5.99 ±  0.45 5.10 ±0.10 3.38 ±0.11
Mg 5.20 ± 0.08 5.24 ± 0.35 3.56 ± 0.39 3.64 ±0.14 3.42 ± 0.08 3.85 ± 0.27 4.55 ±0.09 6.70 ± 0.08
XFe 0.45 ±0.01 0.44 ± 0.03 0.63 ± 0.04 0.61 ±0.01 0.63 ±0.01 0.61 ±0.04 0.53 ±0.01 0.34 ± 0.01
IV I 11.95 ±0.09 11.86 ±0.17 12.02 ±0.08 12.05 ±0.04 11.99 ±0.05 12.07 ±0.10 11.97 ±0.03 12.04 ±0.07
sample 53-2B(5) 83-1(8) 17-5(6) 267-1(16) 210-1c( 19) 210-3(15) 228-1c (17) 228-2(22)
Si02 29.03 ± 0.39 26.56 ± 0.90 25.48 ± 0.59 26.02 ± 1.40 22.93 ±0.70 25.18 ±0.60 22.27 ± 0.77 24.37 ±1.31
Ti02 0.04 ± 0.03 0.05 ± 0.03 0.04 ± 0.02 0.04 ± 0.02 0.03 ±0.02 0.06 ±  0.09 0.03 ±0.02 0.03 ±0.03
A1203 18.11 ±0.67 20.86 ± 0.65 24.03 ± 0.63 23.15 ±0.74 22.70 ± 1.09 22.79 ± 0.77 23.01 ± 1.35 24.71 ±0.97
Cr203 0.06 ± 0.04 0.10 ±0.07 0.25 ±0.19 0.06 ± 0.05 0.79 ± 0.30 1.84 ± 0.37 0.77 ± 0-53 0.18 ±0.14
FeO 17.70 ± 0.69 23.72 ± 0.87 23.46 ± 0.63 26.74 ± 037 37.89 ± 0.82 22.73 ± 0.54 38.04 ± 1.15 33.48 ± 1.03
MgO 22.76 ± 0.42 17.86 ± 0.53 15.47 ±0.38 13.55 ± 0.66 5.67 ±0.33 16.12 ±0.60 5.37 ± 0.37 8.56 ± 0.63
CaO 0.03 ± 0.03 0.03 ± 0.03 0.03 ± 0.04 0.03 ± 0.02 0.04 ± 0.04 0.03 ± 0.03 0.02 ±0.01 0.07 ± 0.06
Na20 0.05 ± 0.04 0.04 ± 0.03 0.07 ± 0.04 0.08 ± 0.05 0.15 ±0.11 0.03 ± 0.02 0.15 ±0.21 0.15 ±0.16
K20 0.07 ±0.08 0.03 ±  0.02 0.10 ± 0.08 0.03 ± 0.04 0.01 ±0.01 0.08 ± 0.06 0.05 ± 0.07 0.05 ± 0.03
Total 87.84 ± 1.80 89.24 ± 1.24 88.92 ±1.16 89.69 ±2.15 90.22 ± 2.02 88.86 ± 1.22 89.71 ± f.6"8 91.60 ± 1782
St 5.85 ± 0.04 5.44 ±0.14 5.22 ± 0.08 5.36 ±0.19 5.04 ±0.06 5.18 ± 0.07 4.94 ±0.10 5.10 ±0.14
Al(IV) 2.15 ±0.04 2.56 ±0.14 2.78 ± 0.08 2.64 ± 0.19 2.96 ± 0.06 2.82 ± 0.07 3.06 ±0.10 2.90 ±0.14
A1(V1) 2.14 ±0.05 2.47 ±0.06 3.02 ±0.12 2.99 ± 0.08 2.92 ±0.14 2.71 ±0.11 2.96 ± 0.20 3.20 ±0.15
Ti 0.01 ±0.00 0.01 ±0.00 0.01 ±0.00 0.01 ±0.00 0.01 ±0.00 0.01 ± 0.01 0.01 ±0.00 0.00 ± 0.00
Cr 0.01 ±0.01 0.02 ±0.01 0.04 ± 0.03 0.01 ±0.01 0.14 ±0.05 0.30 ± 0.06 0.14 ±0.09 0.03 ± 0.02
Fe 2.98 ±0.09 4.06 ±0.17 4.02 ±0.10 4.61 ±0.16 6.97 ± 0.23 3.91 ±0.12 7.06 ± 0.29 5.86 ± 0.33
Mg 6.83 ±0.11 5.45 ±0.11 4.73 ±0.13 4.16 ±0.14 1.86 ±0.08 4.94 ±0.16 1.78 ±0.09 2.67 ±0.13
XFe 0.30 ±0.01 0.43 ± 0.01 0.46 ± 0.01 0.53 ±0.01 0.79 ± 0.01 0.44 ± 0.01 0.80 ±0.01 0.69 ± 0.02
IV I 11.97 ±0.01 12.01 ±0.08 11.82 ±0.09 11.78 ±0.13 11.90 ±0.09 11.87 ±0.06 11.93 ±0.12 11.77 ±0.15
*—Structural formulae are calculated on the basis of O20(OH)I6 t —values for Ca, Na, and K are not listed
t —Number of analyses listed in peranthcses (mostly on different grains) XFe = Fe/(Fe+Mg)
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Fig. 2.1 Variation in structural Mg, Fe, Si, and total Al in chlorite from the 
Barberton greenstone belt. It covers almost the full chemical range of natural 
trioctahedral chlorite reported in the literature.
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Cation relationships in the chlorite
All major cation abundances in the chlorite from BGB are strongly correlated. Table
2.5 lists the simple correlation coefficient matrix for the major chemical variables of 
chlorite. Most of the coefficients for the relationships between cations are larger than or 
close to an absolute value of 0.9. Si-Mg, A1[V-A1VI, AlIV-Fe, and AlVI-Fe correlations are 
positive, while Si-AlVI, Si-Fe, AlIV-Mg, AlVI-Mg, and Mg-Fe are negatively associated.
All cation abundances are strongly correlated with total Al and the Fe/(Fe+Mg) ratio. The 
total octahedral occupancy is directly related to the difference between A1IV and A1V1.
Figure 2.2 shows the relationships among the major cations in the chlorite with 
respect to Mg. The well defined linear relationship between Fe and Mg is presented in
Table 2.4 The effect of ferrous and ferric Fe in chlorite 













a b A a b A
Si 6.72 6.70 0.01 4.96 4.93 0.03
Al(IV) 1.28 1.30 -0.01 3.04 3.07 -0.03
Al(VI) 1.54 1.52 0.02 2.93 2.86 0.07
Ti 0.01 0.01 0.00 0.01 0.01 0.00
Cr 0.01 0.01 0.00 0.13 0.11 0.02
Fe3+ 0.00 0.16 -0.16 0.00 0.58 -0.58
Fe2+ 1.86 1.67 0.19 6.95 6.21 0.74
Mg 8.42 8.40 0.02 1.95 1.94 0.01
ZOct 11.88 11.82 0.06 12.00 11.74 0.25
a—all Fe as FeO b— FeO/(FeO+Fe2O3)=0.9
A—difference between results of a and b
Table 2.5 Correlation coefficient matrix of cations in chlorite
Si Al(IV) Al(VI) Fe Mg XFe IV I IA I
Si 1.00
Al(IV) -1.00 1.00
Al(VI) -0.95 0.95 1.00
Fe -0.89 0.89 0.84 1.00
Mg 0.93 -0.93 -0.92 -0.99 1.00
XFe -0.90 0.90 0.88 0.99 -1.00 1.00
IV I -0.21 0.21 -0.08 0.23 -0.11 0.14 1.00
IA I -0.99 0.99 0.99 0.87 -0.94 0.90 0.07 1.00
Fe+Mg 0.88 -0.88 -0.98 -0.76 0.86 -0.81 0.27 -0.94
AK4-6) -0.33 0.33 0.01 0.29 -0.20 0.21 0.91 0.17
XFe—Fe/(Fe+Mg) AI(4-6)—AKIV)-AI(VI)
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Fig. 2.2 Scatter diagrams of major cations plotted against Mg in chlorite. All 
cations are highly correlated with Mg. Fe-Mg has a simple linear relationship 
while others have two linear segments.
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Fig. 2.2a. The points define a straight line with a negative slope (correlation coefficient 
-0.99). The linear trend has intercepts about 11 pfu on the Mg axis and 8.5 with the Fe 
axis. The sum of Fe and Mg in the twelve octahedral sites (represented by the dashed line 
in Fig. 2.2a) is always less than twelve and systematically decreases with increasing Fe in 
chlorite.
Figure 2.2b indicates that A1IV and Mg are strongly correlated. The relationship is 
negative and is slightly deviated from a simple linear pattern. The strongly correlated 
relationship between A1IV and Mg in the BGB chlorite is represented by two segments, 
each is approximately linear with different slopes, -0.17 for the low-Mg and high-AlIV 
segment (R2=0.77) and -0.34 for the high-Mg and low-AlIV segment (R2=0.87). The 
transition between the two segments occurs in the region with Mg 4-7 and A1IV 1.7-2.7 
(£VT = 12). The calculated interception point has coordinates of Mg 5.59 and A1IV 2.38.
The chlorites in the transition zone are from basaltic and dacitic samples, and the two rock 
groups have different associated Al-bearing phases. Because A1IV was calculated by 
subtracting the number of Si atoms from a total of 8.0 sites, the Si-Mg correlation is the 
opposite (directly dependent) of the AlIV-Mg correlation. Si values are shown on the 
vertical axis on the right side of Fig. 2.2b.
A similar two-segment relationship between A1V1 and Mg is shown in Fig. 2.2c.
The Iow-Mg and high-AlVI segment has a slope of -0.18 (R2=0.66), and the high Mg 
segment has a slightly steeper slope of -0.26 (R2=0.89). The transition occurs within Mg 
4-7 and A1VI 1.7-2.7, and the intersection has the calculated coordinates of Mg 5.2 and A1VI 
2.38.
Bulk rock chemical composition
Twenty-four representative rock analyses out of a total of 47 are listed in Table 2.6 
(the complete data table can be obtained from the author). Total Fe is expressed as FeO.
The oxide total of some XRF analyses is on an anhydrous basis because the loss on
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ignition values are not available. The low total in some of the rocks analyzed by ICP is due 
to the presence of volatile-bearing phases, such as chlorite, tourmaline, sericite, actinolite, 
and carbonates. The rocks have a wide range of chemical compositions (Fig. 2.3). Si0 2  
ranges from 42.80 wt% in a boron metasomatized rock (sample 267-1) to 85.99 wt% in a 
strongly silicified rock (228- lc); AI2O3 from about 4 wt% in komatiite (sample 229s) to 
29.30 wt% in the boron metasomatized rock (267-1). The FeO/(FeO+MgO) ratio varies 
from 0.18 in an olivine cumulate (106-2) to 0.8 in highly silicified rocks (210s, 228s). In 
Fig. 2.3, the arrows indicate the gradually increasing trend of SiC>2 and the 
FeO/(FeO+MgO) ratio from ultramafic rocks to basaltic rocks, altered basalts, dacitic 
samples, and highly silicified rocks.
Table 2.6 Bulk compositions of 24 selected rock samples
Rock Cumulate Komatiite Komatiitic basalt Basalt Carb-basalt
No. 106-2* 78-6524-10* 229-2 229-3 266-6 266-9 268-2 212-9* 266-8 300-9 I -42a l-42d
Si02 47.76 50.68 48.98 45.01 45.79 51.60 51.92 53.27 54.53 49.64 50.03 47.82 54.72
Ti02 0.1083 0.43 0.40 0.46 0.42 0.61 0.81 0.60 0.45 0.59 2.04 0.88 0.78
A1203 6.36 4.94 4.01 4.29 4.28 5.11 9.89 11.33 11.97 15.65 11.15 12.43 11.29
FeO 7.77 10.39 10.87 9.06 10.74 11.08 9.65 8.42 9.99 9.28 12.48 9.39 6.86
MnO 0.15 0.20 0.20 0.20 0.19 0.22 0.19 0.13 0.18 0.15 0.19 0.19 0.12
MgO 35.64 14.01 26.02 18.42 19.83 16.43 9.74 12.47 9.16 8.13 724 3.06 3.10
CaO 0.55 14.23 8.99 13.05 10.81 9.85 9.93 6.85 9.76 9.76 756 8.66 7.45
Na20 0.03 1.28 0.52 0.19 0.14 1.00 3.17 3.59 3.93 2.95 2.72 0.13 0.09
K20 0.09 0.24 0.02 0.07 0.00 0.41 0.92 0.00 0.00 0.17 1.33 2.62 3.19
P205 0.04 0.04 0.00 0.05 0.08 0.09 0.12 0.12 0.02 0.11 0.22 0.17 0.13
Total 98.50 96.44 100.00 90.80 92.28 96.40 96.33 96.78 99.99 96.43 94.96 85.35 87.73
XFeO 0.18 0.43 0.29 0.33 0.35 0.40 0.50 0.40 0.52 0.53 0.63 0.75 0.69
Rock Dacite AlLbas B-alt. 51-tj altered rock
No. 17-7* 1-6* 53-1 A* 53-2B* 83-1* 17-5 267-1 210-lc 210-3 228-lc 228-2
Si02 64.40 54.79 59.60 60.86 67.64 75.91 41.80 70.58 75-21 85.99 8 l l6
Ti02 0.68 1.56 0.5319 0.51 0.50 0.95 I.2I 0.29 023 0.60 0.41
AI203 16.80 13.45 17.22 15.44 14.75 13^56 29.30 9.18 11.40 5.23 4.57
FeO 4.79 13.42 4.66 3.28 3.17 1.74 8.00 9.85 2.94 4.43 3.83
MnO 0.06 0.19 0.08 0.96 0.04 0.01 0.05 0.12 0.08 0.06 0.03
MgO 1.99 3.75 3.29 2.60 2.51 1.39 6.35 1.76 2.11 0.82 0.95
CaO 2.64 3.74 2.31 4.40 1.19 0.19 0.48 0.15 2.33 0.36 0.13
Na20 6.29 4.90 4.26 5.90 6.11 0.11 2.20 0.76 0.11 0.18 0.14
K20 2.14 0.33 6.20 2.12 0.64 3.66 0.00 0.20 2.66 0.52 0.49
P205 0.20 0.21 0.35 0.38 0.14 0.18 0.12 0.07 0.06 0.10 0.09
Total 100.00 96.34 98.50 96.45 96.69 97.70 90.52 92.97 9723 98.29 92.89
XFeO 0.71 0.78 0.59 0.56 0.56 056 0.56 0.85 0.58 0.84 0.80
*—analyzed by XRF at the University of Cape Town (four of them reported as anhydrous basis due to lack of values of 
loss at ignition), others by ICP-AES at LSU XFeO = FeO/(FeO+MgO)
Carb-basalt—carbonatized basalt, Alt.bas—silicified basalt. B-alt.—boron metasomatized komatiitic basalt. Si-B altered 
rock—Si-B-Carbonate metasomatized rock
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Fig. 2.3 Variation in S i02, FeO, MgO, and A120 3 of the chlorite host rock from
Barberton greenstone belt. Arrows indicate the increase of Si02 and the 




Relationship between chlorite and rock
Simple correlation coefficients were calculated to determine the relationship between 
chemical components of chlorite and the host rock, and the important relationships are 
presented in Table 2.7 and illustrated in Fig. 2.4. The values in the upper part of Table 2.7 
are calculated from all samples analyzed in this study. The chlorite in dacitic rocks, a 
metasomatized rock (sample 210-3), and the silicified basalt (sample 17-5) deviate from the
Table 2.7 Correlation coefficient matrix of chemical 
components between chlorite and rock*
Rock Chlorite (in all samples)
(all sample) Si02 A1203 FeO MgO XFeO XMgAl XMgSi
Si02 -0.67 0.70 0.61 -0.67 0.65 -0.73 -0.70
AI203 -0.57 0.59 0.50 -0.52 0.51 -0.50 -0.36
FeO 0.44 -0.54 -0.32 0.38 -0.36 0.44 0.34
MgO 0.91 -0.87 -0.85 0.88 -0.87 0.86 0.73
XFeO -0.88 0.78 0.92 -0.91 0.92 -0.91 -0.89
XMgAl 0.86 -0.84 -0.80 0.83 -0.82 0.84 0.72
XMgSi 0.90 -0.87 -0.85 0.87 -0.87 0.86 0.75
Rock Chlorite (in non-dacitic samples)
(No dacite) Si02 A1203 FeO MgO XFeO XMgAl XMgSi
Si02 -0.67 0.67 0.70 -0.72 0.71 -0.78 -0.83
AI203 -0.56 0.61 0.50 -0.52 0.52 -0.52 -0.40
FeO 0.47 -0.54 -0.42 0.48 -0.46 0.53 0.53
MgO 0.96 -0.92 -0.94 0.95 -0.95 0.93 0.85
XFeO -0.91 0.85 0.95 -0.95 0.95 -0.95 -0.95
XMgAl 0.93 -0.91 -0.92 0.93 -0.93 0.94 0.89
XMgSi 0.96 -0.93 -0.95 0.97 -0.96 0.96 0.89
*—Values for corresponding oxides arc underlined
XFeO—FeO/(FeO+MgO) XMgAl—MgO/(MgO+A1203)
XMgSi—MgO/(MgO+Si02)
general linear trends shown in Fig. 2.4, the major oxides of chlorite vs. MgO of rock. 
Chlorite in the metasomatized rock (210-3) and the silicified basalt (17-5) occurs as trace 
amounts in quartz veins, and may be only locally equilibrated with the rock. Chlorite in the 
dacitic rocks is commonly altered from primary igneous biotite and hornblende, often with 
both minerals partially preserved. The chlorites seem to be in local equilibrium with the 
igneous minerals rather than the bulk rock, and since the hornblende and biotite have much 
higher MgO than the bulk dacites the dacitic chlorites in Fig. 2.4 fall off the main trend for 
chlorite verses bulk rock composition. The komatiites and some of the basaltic rocks have 
relict primary igneous augite. However, these rocks have much higher MgO and FeO 
contents mainly hosted in the metamorphic phases. Hence, the equilibrium between chlorite
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Fig. 2.4 Relationships among MgO, FeO, A120 3, S i0 2 of chlorite and the MgO of
the host rock. The deviation of dacitic and two silicified samples from the plotting 
trend is due to disequilibrium between chlorite and the bulk rock chemical 
composition.
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and bulk rock in these samples is much less affected by the relict augite. By excluding the 
dacitic samples and samples 210-3 and 17-5, more significant associations are found 
between chemical components of chlorite and the rock (values in the lower part of Table 
2.7). They more closely reflect the equilibrium relationship between chlorite and the rock, 
and will be used in the following discussion.
All chemical components of chlorite show good correlation with MgO of rock 
(Table 2.7). MgOchi is positively correlated with MgORock (Table 2.7, correlation 
coefficient 0.95), which is the most significant correlation between the corresponding 
oxides of chlorite and the rock (values for corresponding oxides between chlorite and rock 
are underlined). It can be seen from Fig. 2.4a that MgOchi linearly increases with the 
MgORock varying from 0.4 wt% in metasomatized rock to about 22 wt% in komatiite 
(anhydrous basis). However, MgOchi only increases slightly (about 1 wt%) as the 
MgORock continuously increases from about 22 to over 36 wt% in the highest MgO rocks, 
which include two komatiites and two olivine cumulates. It also can be seen that MgOchi is 
about 5 wt% when MgORock approaches to 0 wt%. The correlations between the MgORock 
and the Si0 2 , AI2O3, and FeO of chlorite are displayed in Fig. 2.4b, c, and d. Si02Chb 
resembles MgOchi, increases with MgORock (Fig- 2.4b) while AI2O3 and FeO in chlorite 
decrease with MgORock (Fig- 2.4c and d). Maximum Si0 2  42 wt% and minimum AI2O3 12  
wt% and FeO 10 wt% are presented in chlorites that have saturated MgO content. All three 
diagrams also show scattered and deviated plots of dacitic samples. All chemical 
components of chlorite are also well correlated with the MgO related oxide ratios in the 
rock, such as FeO/(FeO+MgO), Mg0 /(Mg0 +Al2 0 3 ), and MgO/(MgO+Si02).
Si0 2  and AI2O3 of chlorite are poorly correlated with the Si0 2  and AI2O3 of rock, 
and the correlation coefficient for Si0 2  is even negative. The A^Oschi does not have a 
strong correlation with the Al2O3R0Ck, Fig. 2.5 (correlation coefficient 0.61, Table 2.7), 
especially for high Al-chlorite. However, AHOschi shows a general increase related to the 
presence of other Al-bearing minerals (Table 2.8). The associated most Al-rich minerals are
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Fig. 2.5 Scatter diagrams of A1203 in chlorite and the host rock. A1203 of chlorite 
is weakly correlated with the oxide in the rock, but A1203 content of chlorite 
shows a clear relationship with the presence of other coexisting Al rich mineral 
phases.
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Fig. 2.6 Tetrahedral Al vs. octahedral Al in chlorite. Charge is balanced by 
almost pure Al tschermakite substitution.
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Fig. 2.7 (AlVI+Fe) vs. Mg substitution relationship in the octahedral site. The 
octahedral site is almost completely occupied by these three cations and Fe is not 
directly involved in the tschermakite substitution.
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tremolite in komatiite and olivine cumulate, albite in komatiitic basalt and pyroxene 
cumulate, albite and rarely sericite in basalt, sericite and albite in carbonatized basalt and 
dacitic rock, tourmaline and sericite in the silicon and boron metasomatized rock series. 
AJ2O3CW increases as the associated Al-bearing minerals become progressively enriched in 
AI2O3 .
A negative correlation between the SiC>2 contents of chlorite and rock can be 
observed in the data (not plotted). The poor correlation (correlation coefficient is only 
-0.67) shows significant scattering at low SiC>2Rocic portion, where Si02Chi ranges from 
about 24 wt% to 39 wt% on anhydrous basis. The coexisting silica saturated mineral 
phases, such as quartz, albite, do not show any clear relationship with the Si02Chi-
There is no apparent correlation between FeO of chlorite and rock. But
FeO/(FeO+MgO)chi-FeO/(FeO+MgO)Rock, M g0/(M g0+Al20 3)Chi- 
MgO/(MgO+Al20 3 )RoC|C, and MgO/(MgO+SiO2)chi-MgO/(MgO+SiO2)R0ck present good 
correlation (Table 2.7). The FeO/(FeO+MgO)chi-FeO/(FeO+MgO)Rock trend starts from 
the origin o f the plotting system and has a ratio slightly higher than 1:1.
Table 2.8 A1203 contents of rock, chlorite and the 
coexisting Al-mineral
Rock type
A1203 in minerals and rock (wt%)
Rock Chlorite Coexist. Al-phase
Komatiite 2.6-4.3 12.2-13.9 Actinolite 3%±
Basalt 5.1-15.7 15.8-20 Albite 20%±
Dacites 14.8-17.5 17.2-20.9 Sericite 30%±
Carbonated basalt 11.3-12.5 20.7-21.5 Sericite 30-32%
17-5 13.6 24.0 Sericite 35.5%
Si-B metaso. rock 4.6-12.4 22.8-25.3 Tourmaline 35%±
2.5 Discussion
The quantitative relationship among chlorite cations
The well established relationships among major cations in the chlorite (Fig. 2.2) can 
be used to derive quantitative functions that characterize the chemical variation patterns of
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the chlorite. Because this approach only considers the general mathematic relationships 
between the quantities of the major cations in the chlorite, the two-segment pattern Si-Mg, 
Al[V-Mg, and AIVI-Mg relationships are simply related to one exponential pattern. The 
resulting equations based on the chlorite chemical data displayed in Fig. 2.2 are:
A1IV = -2.16 x lO-2 (Mg) 2 - 1.13 x 10*2 Mg + 3.08 R2 = 0.90 .......( 1)
Alvl = -8.48 x 10-3 (Mg)2 - 0.14 Mg + 3.29 R2 = 0.83 ......(2 )
Fe2+ = -0.77 Mg + 8.38 R2 = 0.97 ......(3)
Si = 2.16 x lO-2 (Mg)2 + 1.13 x 10’2 M g+ 4.91 R2 = 0.90 ......(4)
These equations represent the chemical variation exhibited by more than 90% of the BGB 
chlorite samples. They describe the general quantitative relationships of the major cations in 
the chlorite and predict stoichiometric chlorite.
A simulation was carried out to calculate chlorite chemical composition based on 
these equations. The derived chlorite results more closely depict the general cation 
relationships in the chlorite (Table 2.9). Mg in the table was assigned to vary from 9.5 to
1.5 cations pfu, approximately the Mg range of the chlorite from BGB. Fe2+, Al(VI), 
Al(IV), Si in the next few columns were calculated based on the regression equations (1), 
(2), (3), (4). ZVI (the calculated total octahedral occupancy) and charge (total cationic 
charge) are slightly lower than but very close to that of the analyzed chlorite. This slightly
Table 2.9 Chemical variation of chlorite 
from BGB on the basis of O20(OH)16
M s Fe Al(VI) Al(IV) Si IV I C harse
9 .5 0 1.03 1.25 1.03 6 .97 1 1.77 55 .77
8 .50 1.80 1.54 1.43 6 .57 1 1.84 55 .78
7 .50 2 .57 1.81 1.78 6 .2 2 1 1.88 55 .78
6 .5 0 3 .35 2 .06 2.10 5 .9 0 11.91 5 5 .77
5 .5 0 4 .12 2 .30 2 .37 5 .63 1 1.92 5 5 .76
4 .5 0 4 .89 2 .52 2 .60 5 .40 11.91 5 5 .74
3 .50 5 .67 2 .72 2.78 5 .22 11.89 55.71
2 .5 0 6 .44 2 .9 0 2 .92 5 .08 11.85 55 .67
1.50 7 .22 3 .07 3 .02 4 .98 11.79 55 .63
8 .0 0 6 .19 1.82 1.99 1.99 Variation ranse
4 3 1 1 1 Simple ratio
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lower prediction is mainly due to the exclusion of Ti and Cr from this simulation, although 
they had been included in the actual mineral formula calculation. This good prediction 
indicates that the regressed relationships closely represent the chemical variation of the 
chlorite.
When Mg decreases from 9.5 to 1.5 pfu, the corresponding Si also decreases from 
6.97 to 4.98, and Fe, A1VI, A1IV gradually increase from 1.03, 1.25, 1.03 to 7.22, 3.07,
3.02 respectively (Table 2.9). The corresponding cation variation magnitudes are: Mg 
reduces 8  pfu, Fe increases 6.19, A1VI and Al,v increase 1.82 and 1.99 respectively, and Si 
decreases about 1.99. The corresponding variation for Mg:Fe:AlVI:AlIV:Si in the chlorite 
can be expressed simply as 4:3:1:1:1.
Substitution vector
The chemical variation in the BGB chlorite can be described by two major cation 
substitution schemes, the tschermakite substitution and Fe-Mg substitution. Tschermakite 
substitution in the chlorite is clearly shown in Fig. 2.6, which illustrates the 1:1 
dependence of A1VI and A1IV. The nearly 1:1 trend (which has a simple correlation 
coefficient 0.95, Table 2.5) in the diagram indicates that the negative charge caused by A1IV 
replacing Si in the tetrahedral site is well balanced by A1VI replacing Mg in the octahedral 
site. This is an almost pure aluminum tschermakite substitution. Therefore, the A1IV, A1VI, 
and Si variations in the chlorite are almost completely represented by tschermakite 
replacement.
Mg-Fe substitution dominates octahedral substitution and is the major factor for 
Mg-Fe variation in the chlorite (Fig. 2.2a). However, (Mg+Fe) is apparently lower than the 
ideal twelve octahedral sites and higher (Mg+Fe) is observed in the more Mg rich chlorite. 
This relationship is not produced by vacancies in the octahedral site of the chlorite because 
the octahedral cation total, close to the ideal number of 12 pfu, does not change with Fe or 
Mg in the chlorite. A plot of (AlVI+Fe) vs. Mg (Fig. 2.7) presents the cation relationships
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in the octahedral site. The well defined linear trend has ideal intercepts of 12 total octahedral 
cations at both axes. Thus, (a) the octahedral site is almost completely occupied by these 
three cations; (b) both A1VI and Fe substitute for Mg in the octahedral site during the 
chemical variation of the chlorite; and (c) Fe is not directly involved in the tschermakite 
substitution, that is A1VI only replaces Mg, not Fe.
Incorporating the simple quantitative ratio of Mg:Fe:AlVI:AlIV:Si (4:3:1:1:1) with the 
two cation substitution schemes results in a complex substitution vector, Mg4SiFe.3Alvl. 
iAlIV_|. The two cation substitution schemes demonstrate that Mg increases with Si but 
decreases with Fe, A1VI and A1IV in the chlorite. The substitution vector clearly describes 
the basic cation relations or the chemical variation pattern of BGB chlorite and satisfies the 
ideal charge and site balances in trioctahedral chlorite. Because the derived equations used 
in the simulation quantitative calculation have coefficients of determination close to or larger 
than 0.9, this substitution vector statistically represents over 90% of BGB chlorite 
variability. Furthermore, this vector is one in which each tschermakite substitution 
corresponds to three Fe-Mg substitutions in the chlorite.
Structural constraints
The ratio between the major cations in the chlorite, or the unique chemical variation 
pattern of the chlorite, is controlled by the chlorite structure, though the chemical variation 
of the chlorite results from the diversity of the bulk compositions of the host rocks.
Chlorite is composed of a talc-like 2:1 layer and a brucite-like interlayer. On a smaller scale 
it can be represented as stacks of tetrahedral and octahedral sheets, which must fit together 
in order to achieve a stable structure state. It is widely accepted that there is good linear 
relationship between the cell size and the chemical composition of phyllosilicate (e.g.
Hazen and Wones, 1972). Tschermakite substitution increases the dimension of the 
tetrahedral sheet because A1IV has a significantly larger ionic radius 0.39A than Si 0.26A 
(all ionic radii from Shannon and Prewitt, 1969, 1970). Tschermakite substitution also
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results in a smaller octahedral sheet because A1VI (0.53A) is smaller than Mg (0.72A). The 
misfit between the tetrahedral sheet and octahedral sheet due to tschermakite substitution is 
largely compensated by the associated Fe (0.78A) for Mg substitution in the octahedral 
sheet. The degree of compensation can be estimated by comparing the cationic sizes and the 
amount of cation changes involved. An increase of about 0.13 A cationic size will 
accompany every Al replacing Si in the tetrahedral sheet, and about 0.19A decrease will 
occur with every A1VI substitution for Mg in the octahedral sheet, hence a total 0.32A misfit 
will result from every tschermakite substitution. The corresponding three parts Fe 
substituting for Mg will have 0.06 x 3 = 0.18 (A) increase effect on the octahedral sheet. 
Therefore, the octahedral shrinkage due to Alv,-Mg replacement of tschermakite is 
approximately balanced by the octahedral expansion due to Fe-Mg substitution, which 
compensates over half of the total misfit caused by tschermakite substitution (over 63% of 
the misfit will be balanced by using the actual cation variation quantities). This estimation is 
based on unrestricted ionic sizes, a better estimation may be calculated by bond-lengths 
from crystal structural refinements.
Host rock influence
The chemical variation of the chlorite results from the diversity of the host rock, 
though the variation pattern is controlled by the structure of the mineral. All major oxides 
and other chemical components of chlorite are linearly associated with MgO and MgO- 
related oxide ratios of rock (Table 2.7 and Fig. 2.4). Therefore, the chemical composition 
of the chlorite is strongly influenced by the bulk chemical composition of the rock, 
especially the MgO content (wt%) of rock.
A possible explanation for the MgO correlation between chlorite and the host rock 
relates to the overall availability of Mg, Fe, Al, and Si during chlorite crystallization. Fe is 
saturated in most of the rocks as indicated by magnetite. Si is also saturated in most of the 
rocks because quartz is a common mineral in these rocks. There is no pure Al-oxide or Al-
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silicate phase found in the rocks, but chlorite is not the most Al-rich mineral in the rocks 
because albite, sericite, and/or tourmaline can be found in many of them. Al probably is 
saturated relative to chlorite in the rocks. Mg is probably not saturated relative to chlorite in 
the rocks because chlorite is the most Mg-rich phase in most of the rocks except for the 
three most MgO-rich rocks, in which serpentine has slightly higher Mg content than 
chlorite. Therefore, MgORock is the least available component for chlorite, and it is 
important for chlorite formation.
However, MgORock can only be the direct controlling factor for MgOChl if the 
amount of chlorite to be formed is also limited by constraints other than MgORock.
Otherwise, more chlorite can be formed instead of higher Mg-chlorite since Fe is readily 
available in the samples. Because Al2 0 3 Rock generally decreases with the increase of 
MgORock (an artifact of magmatic fractionation), AI2O3 becomes less available for chlorite 
in rocks with higher MgO. Thus, Al2 0 3 Rock probably is a factor in limiting the amount of 
chlorite to be formed in the rock, especially in high-MgO rock, and results in the Mg-rich 
chlorite.
Figure 2.5 also indicates that the Al2 0 3 Chl shows a general increase relating to the 
presence of other Al-bearing minerals. The other associated Al-bearing minerals are 
tremolite and commonly serpentine and talc in komatiite and olivine cumulate; albite and 
actinolite in komatiitic basalt and pyroxene cumulate; albite, actinolite, and rarely sericite in 
basalt; sericite in carbonatized basalt; sericite and albite in dacitic rock; and tourmaline and 
sericite in the silicon and boron metasomatized rock. The Al2C>3Ch| clearly increases along 
with the type of associated most Al-rich mineral that has progressively higher AI2O3 
content in the samples (Table 2.8), which is the result of Al distribution between chlorite 
and other Al-minerals. Kranidiotis and MacLean (1987) proposed Al-saturated and Al- 
undersaturated chlorite boundaries for chlorite solid solution field in an Al-Fe-Mg ternary 
diagram based on mineral associations. However, chlorite in this study does not support 
the existence of these two groups of chlorites, but shows a regular variation in the XAl-Fe-
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Mg ternary diagram (Fig. 2.1). In the figure, this variation trend of chlorites associated 
with Al-poor minerals (tremolite, serpentine) to Al-rich minerals (sericite, tourmaline) 
forms a continuous trend across the Al-undersaturated to Al-saturated fields.
MgORock is also a major factor for Si02chi and Al2C>3Chl contents. Al2C>3Chl does 
not have good correlation with Al2 0 3 Rock, and high Al2C>3Chl can be found in rocks with 
low to high AI2O3, though only I0 W-AI2O3 chlorite is present in I0 W-AI2O3 rock (Fig.
2.5). Because Al only replaces Mg and is proportional to Fe substituting for Mg in the 
octahedral site as demonstrated in a previous section, Mg of chlorite controlled by the 
MgORock can be an important constraint on the Al of chlorite, although the associated Al- 
bearing minerals may also play a role in controlling the value. As a consequence of this 
relationship, Si02chi indirectly relates to the MgORock. It is not reasonable to interpret 
Si02Chi based on the negative correlation of Si0 2 Chi-Si0 2 Rock or the mineral association.
Si02chi is probably determined by the competition of A1IV, which, in turn, relates to the 
MgOch, through tschermakite substitution. Therefore, the good correlations between the 
MgORock and the SiC>2chi> Al2C>3chi» and FeOchi (Fig. 2.4b, c, and d) are derived from the 
direct relationship between the MgOchi and MgORock (Fig. 2.4a). As we discussed in the 
previous section, cations Si, LAI, and Fe are all strongly correlated with Mg in the chlorite.
The good association between MgORock and MgOchi will result in good associations 
between MgOROCk and other oxides of chlorite. It is shown in Fig. 2.4b that Si02chi is 
positively correlated with MgORock because Si and Mg in chlorite are positively associated. 
Al203chi and FeOchi. as expected, are negatively correlated with MgORock because LAI 
and Fe are negatively associated with Mg in chlorite.
The association between MgOchi and MgORock also plays an important role in the 
good linear correlation of oxide ratios between chlorite and rock (Table 2.7).
FeO/(FeO+MgO)Rock is not the most important controlling factor to the ratio in the chlorite.
This contradicts some previous studies (e.g. Cathelineau and Nieva, 1985; Kranidiotis and 
MacLean, 1987; Bevins et al., 1991), although our data do yield a positive linear
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correlation for FeO/(FeO+MgO)chi-FeO/(FeO+MgO)Rock- However, there is no apparent 
correlation between the FeOchi and FoOr,**. The correlation coefficient for this 
corresponding oxide is only -0.42 even after excluding dacitic samples (Table 2.7, lower 
part). Because MgOchi and MgOR^* are strongly correlated, a good correlation between 
FeOchi and FeORock should have occurred if the FeO/(FeO+MgO)R0Cjc is the major control 
factor for the ratio in chlorite. It is reasonable to argue that the FeO/fFeO+MgOjRock is not 
the main factor for the ratio in the chlorite because, as mentioned before, Fe is 
oversaturated in most of the rocks. The XFeO association is simply another consequence of 
the excellent MgO correlations. Two poorly correlated variables (here, FeOchi and 
FeORock) related to well correlated data (here, MgOchi and M g O R ^  may generate a new 
set of correlated data (here, FeO/(FeO+MgO) ratios in chlorite and rock) (e.g. Chayes,
1983; Rollinson and Roberts, 1986). Similarly, the good correlations for the ratios of 
MgO/(MgO+Al2 0 3 ) and MgO/(MgO+Si0 2 ) between the rock and the chlorite (Table 2.7) 
also are derived from the MgOchi-MgORock relationship.
Ordering of octahedral cations
Chlorite structural refinements indicate that A1VI is partially or completely ordered 
into the M(4) site in the brucite-like interlayer (e.g. Joswig et al., 1980; Zheng and Bailey,
1989). Cation ordering and the degree of ordering in the octahedral sites of BGB chlorite 
can be implied from the two-segment linear correlations between A1IV, A1VI, and Mg in Fig.
2.2b and c. The calculated split point for the two segments in the figures occurs near Mg 
5.4 and A1VI 2.38. The two-segment pattern is not a consequence of analytical errors 
because the maximum standard deviations (also reflecting the actual chlorite chemical 
variation in a sample) are 0.33 for A11V (mostly below 0.15) and 0.39 for Mg (mostly 
below 0.15). The slope changes also are not related to any special associated mineral in the 
rocks because the transition occurs within the range of values produced by both basaltic 
and dacitic samples with different coexisting mineral assemblages.
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In an ideal ordering situation, Al first occupies the two M(4) sites because they are 
smaller than other M sites. Hence, the predicted slope change will occur at a value of two 
A1VI. Below a value of 2 A1VI atoms, the substitution may occur at a faster rate and 
therefore account for the steeper slope evident in the low A1VI segment of Fig. 2.2c. The 
actual slope change for the BGB chlorite occurs at 2.38 A1VI (also 2.38 A1IV in Fig. 2.2b 
due to tschermakite substitution). This may indicate that M(4) is about filled by A1VI in 
chlorite with a composition of about 2.38 A1VI and 2.38 A1IV. If M(4) is completely filled 
by A1VI at this point, the other M sites may contain about 0.38 A1VI. Therefore, A1VI in 
octahedral site is only partially ordered, and the ratio of A1VI between M(4) and other M 
sites is about 2:0.38. This ordering implication is consistent with the results of chlorite 
structural refinements (e.g. Joswig et al., 1980; Zheng and Bailey, 1989), and our data 
further suggest that the degree of ordering of A1VI into M(4) is about 84% when M(4) is 
almost completely occupied by A1VI.
Chlorite compositional limits
Compositional limitations may be implied from Fig. 2.4 for trioctahedral chlorite 
formed during greenschist metamorphism. In Fig. 2.4a, MgOchi linearly increases along 
with MgORock, but the ratio of change decreases and flattens out when MgORock is higher 
than about 2 2  wt% (anhydrous basis). MgOchi has probably reached its upper limits of 
about 36 wt% (equivalent of 9.2 Mg pfu) when MgORock content exceeds 22 wt%. The 
MgOchi saturation occurs in two olivine cumulates and two komatiites. Three of them 
contain Fe-rich serpentine. Similar trends are also shown in Fig. 2.4b, c, d by other 
cations. Fig. 2.4a also suggests a lower compositional limit for MgOchi- As the MgORock 
approaches zero wt%, MgOchi decreases to about 5 wt% (about 1.5 Mg pfu). Chlorites in 
this study almost bracket the extreme chemical compositions reported in the literature. 
Therefore, the chemical composition of the trioctahedral chlorite formed under greenschist
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metamorphic condition is limited to those between about 1.5 Mg and 9.2 Mg, and between 
about 1.0 A1IV and 3.2 A1IV pfu.
Chlorite geothermometry
Foster (1962) found that A1IV is higher than A1VI in metamorphic chlorite. Hillier 
and Velde (1991) reported that AIVI is usually higher in diagenetic chlorite. McDowell and 
Elders (1980) and Jahren and Aagaard (1989) also reported that A1IV increases with chlorite 
formation temperature. These observations are consistent with the data of Cathelineau and 
Nieva (1985), in which A1IV increases and A1VI decreases with chlorite formation 
temperature. A number of thermodynamic schemes, mostly solid solution models, have 
been proposed for chlorite in recent years. These models generally considered tschermakite 
and di-tri substitutions as functions of formation temperature. Stoessell (1984) discussed a 
six end-member, site-mixing model, in which chlorite composition is simulated by mixing 
the six ideal end-members in a manner analogous to a regular solution. The chlorite 
crystallization temperature can be calculated if the concentrations of some aqueous species 
that are equilibrated with the mineral are known, or vise versa. Walshe (1986) proposed a 
six-thermodynamic component model to estimate chlorite forming temperature by 
considering two possible solid solution reactions in the presence of quartz and an aqueous 
phase at known pressure. Hutcheon (1990) suggested an approach for estimating 
temperature based on the thermodynamic calculation of reactions that involve chlorite- 
kaolinite-quartz-carbonates-H2 0 -C0 2 .
Cathelineau and Nieva (1985) proposed an empirical chlorite geothermometer 
calibrated by the data mainly from the geothermal system of Los Azufres, Mexico, and later 
modified by Cathelineau (1988) with new input from Salton Sea geothermal system. The 
samples from Los Azufres are mainly andesitic, and the measured temperatures range from 
130 ° to 310 °C. The A1IV of the chlorite and temperature displayed a positive linear 
correlation, which was used to construct the geothermometer for hydrothermal, diagenetic,
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and greenschist metamorphic conditions. Others have demonstrated that this 
geothermometer gives reasonable results for chlorite in basic rocks (e.g. Bevins et al., 
1991). However, Caritat et al. (1993) found large discrepancies among the results of 
different models. Furthermore, Shau et al. (1990) and Jiang et al. (1994) challenged the 
chlorite chemistry related geothermometers based on their studies on diagenetic chlorite 
with mixed corrensite and saponite discrete crystal inclusions. They argued that chlorite 
data used for calibrating and applying the geothermometers are potentially contaminated by 
these intergrowths or mixed layers, which represent metastable states and depend on kinetic 
factors.
Implications to geothermometry and chlorite formation temperature
It is shown in this study, that A1IV is not only controlled by the forming conditions, 
but also largely relates to the bulk rock composition and crystal structure of chlorite. 
Because BGB chlorite was formed under similar conditions, the nearly maximum chemical 
variation range of natural trioctahedral chlorite found in the chlorite results from the 
chemical diversity of the bulk rock. This directly questions the theoretical chlorite 
thermodynamic models that are based on chlorite solid solution schemes, especially the 
tschermakite substitution. In Walshe's model, the chlorite-quartz-water three-phase 
reactions can not provide sufficient constraints to resolve the formation temperature of 
chlorite in a variety of rocks. Quartz, a common mineral in most of the rocks, does not play 
an important role in controlling the chemical composition of the chlorite. Si in chlorite 
decreases with an increase in Si02Rock, and is determined by Mg and A1IV. Mineral 
reactions that involve a second Mg-Fe-Al mineral phase may reflect the bulk rock influence 
better, and are necessary for constructing a chlorite geothermometer. Thus, a six- 
component model is only valid for restricted rock types. Stoessell's method, for chlorite in 
diagenetic sediment, requires known aqueous species concentrations. Due to the limitation 
of thermodynamic data, the model predicts that the Al content of chlorite is independent of
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the Mg/Fe ratio in chlorite. This is not the case for BGB chlorite and disagrees with the 
observations of many other researchers. Hutcheon's (1990) geothermometer is based on 
mineral reactions that relate to the Fe-Mg distribution between chlorite and coexisting 
carbonates, hence may have better constraints on the fluid conditions and can probably 
account for the rock influence.
Shau et al. (1990) and Jiang et al. (1994) criticized current chlorite 
geothermometers and the results that were based on electron microprobe analysis (EMPA) 
of chlorite. They pointed out potential contamination of mixed layers in diagenetic low 
temperature chlorite. In practice, EMPA can not directly address the problem of mixed 
layers and some other types of mineral inclusions, and also is often troubled with the small 
size of chlorite crystals. The technique can not directly analyze clay size minerals because 
the electron-sample interaction volume may be larger than the mineral. The analytical 
problems remain a cause for concern. However, the mixed layer problem is restricted to 
diagenetic environments studied by Shau et al. (1990) and Jiang et al. (1994). The upper 
limit of diagenesis is generally considered within 150-200° C (Frey and Kisch, 1987).
The chemical data for Los Azufres chlorites were used to plot a (A1IV and A1VI)-T 
diagram (Fig. 2.8). The figure shows that A1IV increases and A1VI decreases with the 
temperature of chlorite formation. Chlorite represented by the point where the two Al-T 
trends cross one another in the figure is unique. It has equal quantities of A1IV and A1VI 
(about 2.4 pfu), and about 4.8 £A1. Los Azufres chlorites were mainly from andesites and 
have a relatively constant Fe/(Fe+Mg) ratio 0.24-0.37 (average 0.31). The chlorite at this 
cross over point should form at a temperature of about 330-340°C.
Chlorites from basaltic samples in our study have Fe/(Fe+Mg) ratios of 0.32-0.48, 
the closest to that of Los Azufres samples. They have near equal quantities of A1IV (2.17- 
2.49 A1IV pfu) and A1V[ (1.89-2.38 A1VI), about 4.3-4.81 £A1, and their predicted 
temperature of formation is about 320°C based on the chlorite geothermometer of 
Cathelineau (1988). This is probably the temperature for the BGB greenschist
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Fig. 2.8 Al™ and AIVI vs. temperature (data of Cathelineau, 1988). Chlorite plotted 
at the intercept of the two lines has unique chemical composition, equal quantities
of Al™ and A1V[ about 2.4 pfu, total A1 about 4.8, and Fe/(Mg+Fe) ratio about 
0.31, and a predicted formation temperature of 330° C. BGB chlorite of this 
composition occurs in basaltic samples.
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Fig. 2.9 Scatter diagram of calculated temperature (Cathelineau, 1988) and
A1IV vs. rock FeO/(FeO+MgO) ratio for BGB chlorite. Chlorites from 
basaltic and dacitic samples, outlined by the dashed line, show relatively
narrow ranges of temperature and A1IV along with the variation of rock 
FeO/(FeO+MgO).
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metamorphism, and is consistent with the greenschist metamorphic mineral assemblages 
and the results of other geothermometers applied to these same samples. The estimated 
temperature for the greenschist metamorphism ranges 250 ° - 350 °C by the Am-Ep-Chl- 
Ab-Q geothermobarometer of Triboulet (1991), and 300°-400°C from the carbonate 
geothermometer of Bickle and Powell (1977). A temperature above 200°C is also implied 
based on the polytype of the chlorite (Brown and Bailey, 1962; Hayes, 1970; Beskin, 
1984; Walker, 1989; Walker and Thompson, 1990). This agreement of BGB chlorite with 
the complex relationship of AlIV-AlVI-£Al-Fe/(Fe+Mg)-T derived from Las Azufres 
chlorites implies that the chemical composition and formation condition of BGB chlorite 
can be predicted by the chlorite data of Los Azufres. Therefore, the A1IV-T relationship 
presented by Las Azufres chlorite (Fig. 2.8) may be valid for estimating formation 
temperatures of chlorite in basaltic to dacitic rocks formed during low to very low grade 
metamorphism.
Rock composition correction on the geothermometer
The existing empirical geothermometers (Cathelineau and Nieva, 1985 or 
Cathelineau, 1988; Kranidiotis and MacLean, 1987; Jowett, 1991; Hillier and Velde,
1991), each yield estimated temperatures that differ as much as 300°C among the chlorites 
in this study. Temperatures calculated by Cathelineau's (1988) geothermometer range from 
109 to 449°C, with 109-225°C for chlorites in ultramafic rock, about 245°C in pyroxene 
cumulate, 288-340°C in komatiitic basalt and basalt, 285-375°C in dacitic rock, about 
380°C in carbonatized basalt, and 392-449°C in strongly silicon and boron metasomatized 
rock. The average temperature estimated for chlorite in highly silicified rock is 290°C 
higher than that in ultramafic rock. This diversity in estimated temperatures is unlikely to 
reflect the real situation because the chlorite is clearly associated with greenschist 
metamorphic mineral assemblages, and no clear evidence of different metamorphic zones 
has been found within this study area. Furthermore, some samples with quite different
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calculated temperatures are actually interbedded and only separated by a few tens of meters. 
Because the geothermometer is based on A1IV content of chlorite, which in turn relates to 
Mg of chlorite and is further linked to the MgO content of the host rock, the estimated 
temperature clearly varies with rock types as demonstrated in Fig. 2.9. Therefore, the 
empirical chlorite geothermometer can not be applied to diverse samples.
The basaltic and dacitic samples in this study, plotted within the elliptical region 
outlined in Fig. 2.9, are petroohemically and lithologically close to the Los Azufres andesite 
from which the empirical chlorite geothermometer was calibrated. Chlorites from these 
samples yield a relatively narrow range of temperatures with an average near 320°C. The 
A1IV of the chlorite in these samples also has a narrow range (Fig. 2.9). This indicates that 
this value of chlorite in these specific samples is not so sensitive to the rock composition 
change, and implies that certain mineral reactions may buffer the A1IV content of chlorite in 
these samples. Because the A1IV of chlorite in basaltic and dacitic samples is less variable 
with the rock composition, chlorite in these samples may reflect the formation condition 
better.
The linear relationship between A1IV and Fe/(Mg+Fe) in chlorite had been 
considered to make a correction to the AI[V quantity change in considering the rock 
influence in the geothermometer (Kranidiotis and MacLean, 1987; Jowett, 1991).
However, the factors used for the correction were different in these two studies. The 
formation temperature of BGB chlorite estimated by these two modified geothermometers 
still shows a strong association with rock type, and the corrections do not completely 
exclude the rock influence. This is understandable since the modifications to the 
geothermometer were based on limited data of chlorite with narrow Fe/(Fe+Mg) range and 
different formation temperatures. In our study, a better correlation but much steeper slope 
for AlIV-Fe/(Mg+Fe) relationship is observed for chlorite in basaltic and dacitic samples. 
Based on BGB chlorite, the geothermometer of Cathlineau (1988) is modified by the 
following equations:
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T = 321.98[A1IV + 1.33 x (0.31 - Fe/(Fe+Mg))] - 61.92 When Fe/(Fe+Mg) < 0.31 
T = 321,98[A1IV - 1.33 x (Fe/(Fe+Mg) - 0.31)] - 61.92 When Fe/(Fe+Mg) > 0.31
Fe/(Fe+Mg) at 0.31 is used as a boundary for correction because the average ratio of Los 
Azufres chlorites from which the original geothermometer was calibrated is near this value. 
Caution should be taken as this correction probably is only valid for chlorite formed around 
320° C and the slope of AlIV-Fe/(Mg+Fe) relation in chlorite may be temperature 
dependent.
2.6 Summary and conclusions
The lib type trioctahedral chlorite from BGB exhibits extensive chemical variability, 
ranging from ferrous clinochlore to magnesian-aluminian chamosite. Because the chlorite 
was formed under similar conditions of greenschist metamorphism, it presents important 
insights to the nature of crystal structure and chemical composition of chlorite.
Chemical variation in the chlorite can be described by the complex substitution 
vector, Mg4SiFe.3AlVI.| A11V.[. This vector has a simple form that satisfies the charge and 
site balance requirements of the crystal structure. Chlorites formed under other conditions 
probably meet these same structural constraints, but may have different ratios of Fe-Mg 
substitution to tschermakite substitution as the formation condition also affects the chemical 
composition of the mineral. The structural constraints, especially the lateral dimensional fit 
between the tetrahedral sheet and the octahedral sheets, provide a simple explanation for the 
general chemical variation of the chlorite, and may also play a role in other crystal chemical 
aspects, such as ordering and compositional limitations.
Differences in the rate of change in AI for Mg substitution in high A1 and low A1 
chlorites imply that A1VI is ordered into the M(4) site in the interlayer from crystal chemical 
aspect, as suggested by published structural refinements. The degree of A1VI ordering is 
more than 4:1 between M(4) and other M sites when M(4) is almost filled with A1IV.
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The bulk rock influence on the chemical composition of chlorite is represented by 
two factors, the M gO R ^ and the presence of other Al-bearing phases. Because the 
abundances of Mg and A1 in the chlorite relate to each other, the influences of M gOR^ and 
other Al-phases are not independent. It seems that the MgORock plays a clearer role in 
controlling the chemical composition of the chlorite because a much better correlation is 
shown between MgORock and MgOchi, as well between Mg-related ratios in rock and 
chlorite. Structural constraints may further limit Mg in the trioctahedral chlorites to the 
range of 1.5-9.2 Mg atom pfu and 1.0-3.2 A1IV.
Empirical geothermometers can not be applied to chlorite in diverse samples 
because the full chemical range of natural trioctahedral chlorite can also result from the 
chemical variability of the bulk rock. Chlorite in basaltic to dacitic samples has a relatively 
narrow chemical variation and its chemical composition is probably more sensitive to the 
formation condition. The chemical characteristics of BGB chlorite can be predicted by the 
complex Allv-AlVI-XAl-Fe/(Fe+Mg)-T relationship derived from Las Azufres chlorites. 
Therefore, this type of geothermometer may provide information about formation 
temperature for low to very low grade metamorphism. The BGB chlorite data yield a 
metamorphic temperature about 320°C for the greenschist metamorphism, which agrees 
with that of estimated by other mineral geothermometers and the coexisting mineral 
assemblages.
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CHAPTER 3. I IB TRIOCTAHEDRAL CHLORITE FROM THE 
BARBERTON GREENSTONE BELT: IMPLICATIONS FOR 
THE CRYSTAL STRUCTURE OF CHLORITE
3.1 Introduction
Chlorite from the Barberton greenstone belt (BGB) presents a regular chemical 
variation: Mg4SiFe2+.3AlVI.,AlIv., (Chapter 2), and the unique variation pattern is mainly 
due to the need to maintain the dimensional fit between the structural sheets in the mineral. 
The chlorite data from BGB also suggest that the cations are ordered in the octahedral site, 
and that 84% of A1VI is ordered into M(4) site when M(4) is about saturated with A1 in 
chlorite that has 2.38 A1IV and A1VI. The study also implies that the chemical composition 
of trioctahedral chlorite is probably limited within a range of 1.5-9.2 Mg pfii and about 1.0-
3.2 A1IV, and the ideal chlorite end member may not be found in nature.
In order to achieve a stable structural state, chlorite must maintain the dimensional 
fit between the tetrahedral and the two types of octahedral sheets that often have different 
"free" dimensions and are dependent on the mineral chemical composition. Structural 
adjustment, such as tetrahedral rotation, thickening, tilting, and octahedral flattening have 
been proposed for the fitting. Tetrahedral tilting is documented by Takeda and Burnham 
(1969) in a mica with partially ordered AlLi2 octahedral sheet. They pointed out that the 
tilting becomes minimized when the cations in octahedral site are similar to each other. 
Lateral dimension changes can also be achieved by vertical dimension changes, such as 
tetrahedral thickening (Radoslovich and Norrish, 1962) and octahedral flattening (Donnay 
et al., 1964). However, many other researchers believe that flattening and thickening may 
occur for reasons other than maintaining the fit between sheets (e.g. Hazon and Wones, 
1972; McCauley et al., 1973; Lee and Guggenheim, 1981). Data from structure 
refinements indicate that tetrahedral angle (x) and octahedral angle (\|/) have very narrow 
range for phyllosilicates (mostly 58-60° for y  and 108-110° for x) and are relatively 
constant in chlorite, which indicates that the vertical dimensional distortion is not the most 
important factor in fitting the sheets in chlorite. Tetrahedral rotation has been widely
43
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considered as the most important distortion to reduce a relatively larger tetrahedral sheet to 
fit the smaller octahedral sheet by many researchers (e.g. Newnham and Brindley, 1956; 
Steinfink, 1958a,b, 1960; Radoslovich, 1960, 1961, 1962; Donnay etal., 1964; Hazen 
and Wones, 1972; Hazen and Burnham, 1973; Lee and Guggenheim, 1981; Bailey, 1984). 
However, there has not been direct evidence to prove this interpretation, and the 
relationship between the rotation angle and the degree of misfit has not been clearly studied. 
The data of BGB chlorite suggest another possible adjustment for fitting the structural 
sheets in chlorite, the chemical variation. Hazen and Wones (1972) pointed out that the cell 
dimension is proportional to the cationic radii through the study of synthetic end-member 
composition trioctahedral micas.
A few studies based on trioctahedral lib chlorite structural refinements indicate that 
probably no ordering of tetrahedral or octahedral cations exists within the talc-like layer, 
but partial ordering of octahedral R3+ cations relative to R2+ into the M(4) site is found in 
the brucite-like layer (Joswig et al., 1980; Phillips et al., 1980; Zheng and Bailey, 1989; 
Joswig et al., 1989; Joswig and Fuess, 1990). Rule and Bailey (1987) also proposed a 
complete ordering of A1VI into the M(4) site in the brucite-like layer and slight ordering of 
Mg, Fe2+, and Fe3+ over octahedral M (l) and M(2) within the talc-like layer. The reason 
for the cation ordering in the octahedral site has not been fully explained, though Phillips et 
al. (1980) attributed it mainly to the cation repulsion.
In order to understand the fit between sheets in chlorite and its significance, it is 
necessary to exercise sheet dimension calculations that are related to the structural angles, 
cation ordering, and the chemical variation of chlorite. Chlorite from BGB presents a large 
chemical range with special chemical variation pattern, in which all major cations are well 
correlated. It is our intention in this study to calculate the b-dimensions of chlorite structural 
sheets in talc-like layer and brucite-like layer, and to understand:
a. The relationship between sheet dimension and the continuously variable chemical
composition of chlorite.
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b. How significant a role the tetrahedral angle a  plays in fitting the sheets.
And the calculation should further allow us to test if fitting the sheets is responsible for:
a. the chemical variation pattern of the BGB chlorite
b. the Mg limitation in chlorite
c. the partially ordered octahedral occupancy
3.2 Calculation method 
b-dimensions of tetrahedral and octahedral sheets
The dimension calculations for phyllosilicates have been studied by many previous 
researchers (e.g. Newnham and Brindley, 1956; Radoslovich, 1959, 1960; Donnay et al.,
1964a, b; Lee and Guggenheim, 1981). A simple b-dimension calculation can be related to 
the lateral dimension of chlorite the b and a dimensions in an ideal orthogonal phyllosilicate 
can be formulated as b = a(3)1/2. We propose a simple geometric approach to calculate the 
b-dimensions of tetrahedral sheet, the octahedral sheet in the talc-like layer and the brucite- 
like layer respectively. The calculation considers the tetrahedral angle (t), tetrahedral 
rotation (a), octahedral angles (\|/) (for the two octahedral sheets), and the bond-lengths 
that are functions of the chemical composition in the individual sheets.
The geometric equations
Figures 3.1 and 3.2 give the idealized geometry and equations for calculating the b- 
dimensions for the tetrahedral sheet and the octahedral sheet based on general assumptions:
a. The basal oxygens of tetrahedral sheet are coplanar, and they form equilateral 
triangles.
b. The hydroxyls and the apical oxygens of tetrahedrons are coplanar and equal distance 
for the octahedral sheet.






b(IV) = 2 (0 0 )  x Cos(30° - a )  + 2 (0 0 )  x Cos(30° + a)
= 4 (0 T ) x Cos30° x {Cos(30° - a )  + Cos(30° + a)}
= 4 (0T ) x Sin(180° - T) x Cos30° x {Cos(30° - a)
+ Cos(30° + a )}
Fig. 3.1. Geometries of a tetrahedron, orthohexagonal 






b(Vl) = 6(OM') x Cos30°
= 6(0M ) x Simy x Cos30°
Fig. 3. 2. Geometries of an octahedron, orthohexagonal 
and tetrahedral rotated oxygen networks in chlorite.
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c. The averaged bond-Iength or cation size can approximately represent the sum result 
of the actual bond-length in individual tetrahedra and octahedra in the geometrical 
calculation.
d. The M -0 distance is approximately the same as the M-OH distance, which is 
suggested by many structural refinements of phyllosilicates.
For tetrahedral sheet (Fig. 3.1), OT in equation (1) is the average bond-length of 
Si-0 and AlIV-0, and is illustrated in a tetrahedra (Fig. 3.1a); OT' in equation (2) is the 
projector of OT on basal plane; and 0 0  is the 0 -0  distance between adjacent basal 
oxygens. The tetrahedra angle (x) is the angle defined by (the apical oxygen)-(the cation)-(a 
basal oxygen) (Fig. 3.1a). The rotation angle of tetrahedra (a) is the departure angle of 
tetrahedra from ideal orthohexagonal basal oxygen network configuration in a tetrahedral 
sheet (Fig. 3.1b, c). Geometrically, the b-dimension of an ideal orthohexagonal tetrahedral 
sheet (Fig. 3.1b) can be divided into 4 equal-length segments. Each is
(0 0 ) x Cos30°
because
(0 0 ) = 2(0T') x Cos30°, and (OT1) = (OT) x Sin(180° - x)
hence, the b-dimension for 0 ° rotation tetrahedral sheet is
b(IV) = 4 (00) x Cos30° = 4 x 2(0T') x Cos30° x Cos30°
= 4 x 2(0T) x Sin( 180° - x) x Cos30° x Cos30°
For a rotated tetrahedral sheet (Fig 3. lc), the angles used in calculating two of the four 
segments is (30° - a), where a  is the rotation angle, and (30° + a) for other two segments.
The final equation for calculating the b value of a rotated tetrahedral sheet is
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b (IV) = 4(0T) x Sin(I80° -  t ) x  Cos30° x  [Cos(30° -  a) + Cos(30° + a)] ......(I)
For octahedral sheet (Fig 3.2), OM in a octahedra (Fig. 3.2a) is the average bond- 
length between cation and oxygen or hydroxyl, OM' is the projector of OM on (001) plane. 
The flattening angle (\|/) of octahedra is the angle defined as the angle between the octahedra 
body diagonal and the normal to the anion plane. And OM' = (OM) x Siny. Therefore, the 
b-dimension of the octahedral sheet is
b(VD = 6 (OM') x Cos30° = 6 (OM) x Siny x Cos30°  (2)
The tetrahedral rotation does not affect the octahedral sheet much (Fig. 3.2b, c).
Ionic radii, bond-Iengths, and angles
Table 3.1 lists the ionic radii and bond-lengths used in the calculation. The effective 
ionic size values are empirically derived from oxides and fluorides by Shannon and Prewitt







Mg Fe O(IV) 0(VI) Reference 
0 .7 2  0 .78  1.38 1.40 Shannon& Prew itt(1969.I970)
Si-O > <*“N < o > < 'm
' o Mg-O Fe-0
1.623 2.071 T  alc(Perkikatsis& Burzlaff, 1981 )$
1.618 1.912 Pyrophyllite(Lee& G uggenheim ,1981)
1.618 1.917 Nacrite(BIount et al.,1969)
1 .622 1.915 Kaolinite(Suitch& Y oung,1983)
1 .612 1.900 D ickite(Josw ig& D rits, 1986)$
1.764* 2.091 Amesite (Hall&Baily, 1979)
1 .930 M uscovite(Rothbauer, 1971)
1.908 ParagonitefLin& B ailey. 1984)
1.909 M argarite(G uggenheim & BaiIey,1975)
M argarite(G uggenheim & Bailey,1978)
2 .064 Phlogopites(H azen& Burnham ,1973)
2.063 Phlogopites(M cCauley et al.. 1973)
2 .063 P hlogopites(Jos w ig, 1972)$
2 .066 Lizardite(M ellini,1982)
2 .127* Annite(Hazen& Bumham,1973)
1.619 1.764 1.913 2 .069  2 .127 Average
‘ -Values calculated from the refinements, see text. 
$-Values cited from Smyth and Bish (1988)
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(1969, 1970). The calculated b values from these ionic sizes excludes the influence of data 
selection, hence is good in discussing the relative effect on b-dimensions by chemical 
variation of chlorite. But it only represents the "free" or unrestricted b-dimensions for the 
tetrahedral sheet (b(IV)), the talc-like octahedral sheet (b(VI,T)), and the brucite-like 
octahedral sheet (b(VI,B)). Ionic radii may produce b values larger than that in restricted 
sheets.
In order to evaluate the "non-free" or restricted b-dimensions, the bond-Iengths 
from phyllosilicates are also used in the calculation, which should result in b values close to 
actual situation. The bond-length values are derived from the structural refinements of
o
phyllosilicates. The 1.619 A Si-0 bond-length is the average value of Si-0 from 5 Si- 
tetrahedral phyllosilicates (Table 3.1) and is close to the well accepted 1.618 A value (e.g.
Bailey, 1984; Brown, 1984). Due to the lack of mineral phase with pure Al-tetrahedral site, 
the 1.764 A AlIV-0  value used here is calculated by Hall and Bailey (1979) from the 
refinement of an amesite. The 1.913 A AlVI-0  bond-length is the average value of AlVI-0  
from 6  Al-dioctahedral phyllosilicates. The 2.069 A Mg-0 bond-length value is the average 
Mg-0 from 7 Mg-octahedral phyllosilicates. The 2.127 A Fe2+-0  value is calculated from 
an annite (Hazen and Burnham, 1973), which has 2.102A for the two M(2) and 2.122 A 
for the M (l) (average 2.109 A M sites with composition
(Fe2+2.33Alo.oiFe3+o.2oMgo.nMno.o5Tio.23Qo.07))- These values for M g-0 and Fe-0 are 
close to the 2.07 A and 2.12 A given by Donnay et al. (1964). Also, the 0.058 A difference 
between Fe-0 bond-length (2.069 A) and Mg-O (2.127 A) is very close to the 0.06 A 
difference calculated from Shannon and Prewitt's radii (1969, 1970).
Table 3.2 presents data from 8 trioctahedral Ob type chlorite structural refinements.
They are used to give geometric angles (\|/, x, a) for the b-dimension calculation and to 
evaluate the calculated results. These chlorites, including 5 triclinic and 3 monoclinic, are 
mostly clinochlore in composition (FeO% 1.19-4.65) but one studied by Rule and Bailey 
(1987) has about 17.83% FeO. The major cation substitutions in these chlorites are similar
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to the BGB chlorite, therefore the parameters from these chlorites are appropriate in our 
simulation calculation. Although, the relationship between the chemical composition of 
chlorite and these angles has not been understood, the average values for the angles from 
these chlorites are still valid for our purpose. The octahedral flattening angle (\|/) is almost 
the same among the available 5 chlorites listed (about 58.5° for the octahedral sheet in the 
talc-like layer and 60.6° for brucite-like layer). The tetrahedral angle (x) is also constant
Table 3.2. Angles from trioctahedral lib chlorite structural refinements
Al(lV) Referencea T V(T) V(B) b
6 .4 1 10.7 9 .2 3 2
7 .2 1 10.8 5 8 .8 60 .9 9 .227
6 .0 1 11.0 5 8 .0 6 0 .6 9 .228
8 .5 111.1 5 8 .7 6 0 .4 9 .267
6 .8 1 10.9 5 8 .6 6 0 .6 9 .228
6 .9 1 10.8 5 8 .6 6 0 .6 9 .228
1 10.6 9 .227
9 .2 3 4
1.68 Josw ig et al., 1980 
1.96 Phillips et al.. 1980 
2 .0 2  Phillips et al., 1980 
2 .7 6  Rule& Bailey, 1987
1.89 Zheng& Baiiey. 1989
1.89 Zheng& Bailey, 1989
2 .3 0  Joswig et al., 1989
2 .3 0  Joswig& Fuess. 1990
6 .9 7  110.8 5 8 .5  6 0 .6 _______________ Average
among the 7 available chlorites. The most uncertain angle in the table is that for tetrahedral 
rotation (a). It ranges from 6.0 to 8.5 among the available 6  chlorites, and is found mostly 
between 4° to 9° in phyllosilicates (e.g. Bailey, 1984).
The average bond-Iengths
It has been demonstrated that all cations in the BGB chlorite present well correlated 
relationships: Mg4SiFe2+.3AlVI.i AlIV_i, and the chemical variation of the chlorite can be 
described by equations:
Si = 2.1581 x 10-2 Mg2 + 1.1334 x 10'2 M g+ 4.9170 R2 = 0.90 ..... (3)
Fe2+ = -0.7738 Mg + 8.3765 R2 = 0.97 ..... (4)
A1IV = -2.1581 x lO-2 Mg2 - 1.1334 x 10'2 Mg + 3.0830 R2 = 0.90 ..... (5)
A1VI = -8.4823 x 10-3 Mg2 - 0.1346 Mg + 3.2924 R2 = 0.83 ..... (6)
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These equations predict stoichiometric chlorite. Therefore, it is possible to calculate the 
average bond-length for each of the sheets in the chlorite through its model chemical 
composition. The sheet dimensions, then, can be calculated based on the chemical 
composition and chemical variation.
The bond-lengths, (OT) and (OM), used in the b-dimension calculation equations
(1) and (2 ) are average lengths, and they are functions of the chemical composition of 
chlorite:
Based on the ordering study, A1VI in the chlorite preferentially substitutes into M(4) site. 
Therefore, the average bond-length for (OM) is calculated by two equations for each of the 
octahedral sheets to describe the relationship between the average bond-length and the 
chemical composition of chlorite before and after the M(4) has been completely filled. The 
chlorite with A1IV and A1VI of 2.38 is used for modeling the distribution of A1VI into the 
octahedral sheet in the talc-like layer (2 x M(l), 4 x M(2)) and the octahedral sheet in the 
brucite-like layer (4 x M(3), 2 x M(4)).
For talc-like layer, only (0.38/2.38) of the total A1VI is accounted in the average 
bond-length calculation for chlorite with A1VI<2.38; and about 3/5 of the additional A1VI is 
used in the bond-length calculation for chlorite with AIVI>2.38:
(OT) = [(OT)Si x Si + (OT)mIV x Al,v]/(Si+A l " ) (7)
(OM) = [(OM) x Alvl + (OM) x M g  + (OM) x Fe]/ ( Alv' + Mg + Fe)




T A A 1 vi <2.38)
(9)
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2.38, = K ° MV '  x[0-38 + |( A / w -2.38)] + (OM)„g x[±M g
+ M§ ( ( - -  —  ) x 2 .3 8 -— (Alvl- 2.38))] + (0M)Fe x[-F<? + 
M g+Fe 2 2.38 10 *  2
Fe  _(4 ~  f § } x  2 3 8  ■ ^ (A /W "  2 3 8 ))l} / 4 ( a / W + + F e ) iMg + Fe 2
 ( 10)
In equation (9), because only (0.38/2.38) of the total A1VI substitutes into talc-like 
layer, more Mg and Fe will go into this sheet to fill the M(l) or M(2) positions left by A1VI 
in the trioctahedral chlorite. Because Mg and Fe is not evenly distributed between the two 
octahedral sheets, the amount of extra Mg and Fe in talc-like layer is (1/2-0.38/2.38) AIVI. 
In equation (10), because M(4) has been filled with Alvl, 3/5 of the additional A1VI, then, 
will substitute into the 2 M(l) sites and 4 M(2) sites in the layer, and the rest of the 
additional Alvl goes into the 4 M(3) sites in the brucite-like sheet. This distribution pattern 
results in more A1VI (1/10 of the total additional A1VI) in talc-like layer than the evenly 
distribution pattern between the two types of octahedral sheets. Therefore l/10(AlVI-2.38) 
amount of (Mg + Fe) will be subtracted from this layer.
For brucite-like layer, the average bond-length calculation method is similar to that 
for talc-like layer. For A1VI<2.38, (2/2.38) of the total A1VI substitutes into this layer, 
mainly in the 2 M(4) sites. Therefore, Mg and Fe in this sheet will be (2/2.38-1/2) amount 
of total A1VI less than the half of the (Mg+Fe) in the chlorite:
Alvl] + (OM)Fr x [ i Fe -  ♦ Mg ♦  f t , ]
 ( ID
For A1VI>2.38, only 2/5 of the additional total A1VI substitutes into the 4 M(3) sites in 
brucite-like layer. This will result in an increase of (Mg+Fe) in this layer that equals to 1/10 
amount of the additional total A1VI:
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1
=HOAt)Mn x[2 + - ( A l VI-2 .3S )]H O M )Mgx [ ^ M g
- ^ ((B i 4 ) x 2 '3 8 - H (A'"  - 2'38))1+(OM)-  x [ i  F-
^ ((^ 4 ) x 2 '3 8 - ^ ' " - l3 8 )) i , / 4 <A," + M 4 + F e)]
•(12)
3.3 Results and discussion
Table 3.3 presents the calculated b values and b-dimension changes upon chemical 
variation of the chlorite. The first section in the left part of Table 3.3 gives the numbers of 
Si, A1IV, A1VI, Mg, and Fe per unit cell of chlorite with Mg from 9.5 atoms to 1.5 based on 
the quantitative equations (3), (4), (5), (6 ).
Table 3.3. Calculated b and Ab values upon the chemical variation of chlorite
Numbers of cations in the chlorite 
Mg Fe A1(V1) AI(IV) S IV 1
b and b changes for unrestricted sheets*
TetExp QctShr OctExp b(lV) b(Vl.T) b(Vl.B)
b for restricted sheets* 
b(lV) b(Vl.T) b(Vl.B) b(lV)j
9.50 1.03 1.25 1.03 6.97 11.77 0.00 0.00 0.00 9.22 9.39 9.47 9.12 9.17 9.26 9.14
9.00 1.41 1.39 1.23 6.77 11.81 0.02 0.01 0.01 9.24 9.40 9.46 9.14 9.17 9.25 9.16
8.50 1.80 1.54 1.43 6.57 11.84 0.04 0.02 0.02 926 9.40 9.45 9.16 9.18 9.25 9.17
8.00 2.19 1.67 1.61 6.39 11.86 0.06 0.03 0.03 9.28 9.41 9.44 9.18 9.19 9.24 9.19
7.50 2.57 1.81 1.78 6.22 11.88 0.07 0.04 0.04 9.29 9.42 9.43 9.19 9.20 9.24 9.20
7.00 2.96 1.93 1.95 6.05 11.89 0.09 0.05 0.05 9.31 9.42 9.42 9.21 9.20 9.23 9.21
6.50 3.35 2.06 2.10 5.90 11.91 0.10 0.06 0.06 9.32 9.43 9.41 922 9.21 9.22 9.22
6.00 3.73 2.18 2.24 5.76 11.91 0.11 0.07 0.07 9.33 9.44 9.40 9.24 9.22 9.22 9.23
5.50 4.12 2.30 2.37 5.63 11.92 0.12 0.08 0.08 9.34 9.45 9.39 925 9.23 9.21 9.24
5.00 4.51 2.41 2.49 5.51 11.92 0.13 0.09 0.09 9.35 9.45 9.40 9.26 9.24 9.22 9.25
4.50 4.89 2.52 2.60 5.40 11.91 0.14 0.10 0.10 9.36 9.46 9.40 9.27 9.24 9.22 9.25
4.00 5.28 2.62 2.69 5.31 11.90 0.15 0.11 O.tl 9.37 9.46 9.41 9.28 9.25 9.22 9.26
3.50 5.67 2.72 2.78 5.22 11.89 0.16 0.12 0.12 9.38 9.47 9.41 929 9.26 9.23 9.27
3.00 6.06 2.81 2.85 5.15 11.87 0.17 0.12 0.13 9.39 9.48 9.41 920 9.27 9.23 9.27
2.50 6.44 2.90 2.92 5.08 11.85 0.17 0.13 0.14 9.39 9.48 9.42 9.31 9.28 9.24 9.28
2.00 6.83 2.99 2.97 5.03 11.82 0.18 0.14 0.15 9.40 9.49 9.42 9.31 9.29 9.24 9.28
1.50 7.22 3.07 3.02 4.98 11.79 0.18 0.14 0.16 9.40 9.51 9.42 9.32 9.30 9.25 9.28
'-the unrestricted b is calculated from the effective ionic radii of Shannon and Prewitt, and the restricted b from bond-length: 
TetExp-tetrahedral sheet expansion due to Al-Si substitution OctShr-octahedral shrinkage due to Al-Mg substitution
OctExp-octahedral expansion due to Fe-Mg substitution b(IV)-calculated b of the tetrahedral sheet
b(VI.T)-octahedraI sheet b in talc-like layer b(VI,B)-octahedral sheet b in brucite-like layer
b(IV)±-tetrahedral sheet b calculated through variable tetrahedral rotation angle 
Dashed line marks the composition boundary of 2.38 All IV) and AI(VI)
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The middle section of Table 3.3 lists the b values and b-dimension changes upon 
the chemical variation of the chlorite based on ionic radii of Shannon and Prewitt (1969, 
1970). "TetExp" stands for the tetrahedral sheet expansion caused by A1IV substituting for 
Si in the sheet, and is the amount of b-dimension change in A; "OctShr" stands for the 
octahedral sheet shrinkage due to A1VI replacing Mg; "OctExp" is the octahedral expansion 
because of Fe2+ substituting for Mg. Relative to chlorite of 9.5 Mg, the tetrahedral b 
increases 0.18 A in chlorite from 1.03 A1IV to 3.02 A1IV; the octahedral sheet decreases 
0.14 A in chlorite from 1.25 A1VI to 3.07 A1VI due to Al-Mg replacement; and octahedral b 
increases 0.16 A in chlorite from 1.03 Fe to 7.22 Fe because of Fe-Mg replacement.
The unrestricted or "free" b values are also calculated by ionic radii. "b(IV)" is the b 
value calculated based on tetrahedral sheet with a rotation angle 6.97°; ”b(VI,T)" is the b 
value calculated for the octahedral sheet in the talc-like layer with an octahedral angle 58.5°; 
"b(VI,B)" is the b value calculated based on the octahedral sheet in the brucite-like layer 
with an octahedral angle 60.6°. The result may not reflect the absolute b values, but should 
provide reliable b variation upon chemical variation of chlorite:
a. The calculated tetrahedral sheet b increases with A1IV, and is close to the observed 
values from chlorite refinements.
b. The octahedral b in talc-like layer increases along with Alvl and Fe substituting for 
Mg, and the magnitude of the increase is close to that of the tetrahedral b, though the 
absolute b is larger than the actual b.
c. The octahedral b in brucite-like layer decreases with A1VI and Fe until A1VI reaches 
2.38. This is because the more A1VI preferentially fills the M(4) site. The b increases 
with A1VI and Fe when A1VI is larger than 2.38, in which A1VI is no longer 
preferentially going to the brucite-like layer.
d. It can be implied that tetrahedra are relatively more rigid than octahedra because the 
calculated unrestricted octahedral b is significantly different from the actually
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observed b, while the calculated tetrahedral b is relatively close to the observed 
value.
The right section of Table 3.3 is the b values upon the chemical variation of the 
chlorite calculated based on the bond-lengths. Because the bond-Iengths are derived from 
phyllosilicates, the results reflect the restricted sheets, and should provide values close to 
the actual b-dimensions for the sheets in chlorite. The b(IV), b(VI,T), and b(VI,B) are b 
values calculated for tetrahedral, talc-like octahedral, and brucite-like octahedral sheets. The 
results show:
a. Tetrahedral sheet b changes from 9.12 to 9.32 A when A1[V of the chlorite increases 
from 1.03 to 3.02. The b value from refinements is 9.227 for clinochlore (about 
1.44 A1[V, Phillips et al., 1981) and 9.267 for chlorite with 2.63 A1VI (Rule and 
Bailey, 1987). Therefore the calculated b is about 0.08 A smaller than the observer
b. b(IV)± is the calculated tetrahedral b when a  is considered as a variable relating to 
the amount of A1IV.
b. Octahedral sheet b in talc-like layer increases with Fe from 9.17 to 9.30 A as the net 
result of both smaller A1VI and larger Fe substituting for Mg, and is simply because 
of more Fe than A1VI involved in the substitution. The b value for clinochlore is 
about 0.05 A smaller than the observed b.
c. Octahedral sheet b of the brucite-like layer decreases with Fe until A1VI reaches 2.38.
This is because most of the A1VI in the chlorite occupies the M(4) site in this layer, 
and more effect on the b dimension of the octahedral sheet from the AlVI-Mg 
substitution than the Fe-Mg replacement. The b value of the brucite-like layer 
increases with Fe when A1VI>2.38 because the AlVI-Mg is no longer the predominant 
substitution. A1VI no longer preferentially goes to the octahedral sheet because the 
M(4) site is already saturated with A1VI at this point.
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d. The b-dimensions of octahedral and tetrahedral sheets in the talc-like layer are in 
good agreement, but they deviate from that of the octahedral sheet in the brucite-like 
layer toward the high Mg or Fe chlorite.
The relationship between the bond-length based b-dimensions and the chemical 
variation of the chlorite is presented in Fig. 3.3, in which the tetrahedral sheet and the 
octahedral sheet in the talc-like layer have similar dimensions and dimension variation 
patterns, however, they departure from the octahedral sheet in the brucite-like layer, 
especially at the high Mg (i.e. low Al) chlorite. The calculated b-dimensions of the two 
layers fit at about Mg=6.0, or when half of the octahedral sites are occupied by Mg.
Tetrahedral rotation (a)
As mentioned before, many researchers believe that the tetrahedral rotation is 
mainly due to the requirement for the fit between the "free" tetrahedral sheet and the 
octahedral sheet in phyllosilicates, and further propose that it is the most important factor to 
put these two sheets together. In this study, it can be demonstrated that in chlorite: i. 
tetrahedral rotation is not the most important way to adjust the misfit between the "free" 
sheets; and ii. tetrahedral rotation is not necessarily the result of the misfit.
It is shown in Table 3.2 that the maximum a  difference among the 6  refined 
chlorites is only 2.5°. A simple calculation demonstrates that two degrees more rotation of 
tetrahedra will only change 0.04-0.05 A in the b-dimension of tetrahedral sheet. This is 
only 15% of the amount of misfit that could be raised by chemical variation shown in Table 
3.3, and this rotation actually increases the misfit by reducing the tetrahedral sheet for the 
high Mg chlorite. In a more sophisticated calculation, tetrahedral rotation a  is treated as a 
variable. If a  is related to the magnitude of misfit, which in turn is related to the size of 
tetrahedral sheet, a  can be presented as a function of the amount of A1IV substituting for Si. 
If considering the 8.5° rotation a  in the ferrous chlorite refined by Rule and Bailey (1987)
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as the result of increasing substitution of A11V for Si, a simple regression equation relating 
the a  to the A1IV can be drawn from the chlorite data (Table 3.2):
a  = (1.600 A1IV + 3.763)°
This equation gives 10.2° a  for the tetrahedral sheet of an amesite composition that has an 
observed a  about 14° (Hall and Bailey, 1979). The calculated restricted b(IV) (through 
constant a) and b(IV)’ (through variable a) in the right section of Table 3.3 indicate that 
treating a  as variable does reduce the difference between the tetrahedral b (9.14) and the 
octahedral b (9.17 and 9.26) for high Mg and Si chlorite, but is not much different from the 
b (9.12 A) calculated through the average a. Therefore, tetrahedral rotation is not important 
in fitting the sheets in chlorite.
9 .3 5
9 .3  -
9 .2 5  -  
b(A)
9 .2  -
9.1 5 -
Si
. Octahedral sheet in brucite-like layer b(VI,B)
'Octahedral sheet in talc-like layer b(VI,T) 
'Tetrahedral sheet in talc-like layer b(IV)$
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$—see Table 3.3 for notation
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The calculated results of "free" sheet b through ionic radii (middle section of Table 
3.3) show that the values for octahedral b in both layers are significantly larger than 
tetrahedral b, specially for high Mg and Si sheets. This is also true for the calculated "non- 
free" or restricted b values of high Mg and Si sheets, in which the tetrahedral b is still the 
smallest. This is further suggested by: i. brucite has a much larger lateral dimension (b 
values 9.34A, Bailey, 1984) than talc (b value 9.173 A, Perdikatsis and Burzlaff, 1981); 
and ii. tetrahedral rotation also exists in serpentine minerals where tetrahedral sheet is 
already smaller than the octahedral sheet (e.g. Mellini, 1982; Mellini and Zanazzi, 1987). 
The rotation in both cases will reduce the lateral dimension of tetrahedral sheet, and 
produce more misfit. Therefore, the approximately 6 ° rotation observed in Mg-chlorite is 
not necessarily due to the misfit between sheets because the "free" tetrahedral sheet is 
already smaller than the "free" octahedral sheet.
The Mg4 SiFe2+.3 AlVI_iAlIV,ivector relationship
In chapter 2, it is suggested that the complex Mg4SiFe2+_3Alvl.i AlIV_i substitution 
in the chlorite is required by the fit between the lateral dimensions of the octahedral sheets 
and the tetrahedral sheet. About 63% of the misfit between tetrahedral sheet and octahedral 
sheet caused by tschermakite substitution is compensated by the corresponding Fe-Mg 
replacement. The b-dimension calculation indicates that the real situation is more complex.
The existence of b-dimension difference between the talc-like layer and the brucite- 
like layer demonstrates some structural flexibility between the two layers, and certain 
degree of discrepancy can be tolerated in the structure. The calculated largest discrepancy 
between the two layers in high Mg-chlorite is about 1.2% of b-values. The dimensions of 
the two layers are approximately matched at Mg=6.0, which may indicate that this is the 
most stable chlorite. Chlorite of 5-7 Mg is more abundant in the samples than the chlorite 
out of this chemical range in our study, and it becomes scarce in samples when Mg of 
chlorite approaches up to 9 or down to 1 in ultramafic and acidic rocks.
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The consistency between the tetrahedral sheet and octahedral sheet in the talc-like 
layer (Table 3.3 and Fig. 3.3) implies that the physical and geometrical aspects within the 
2:1 layer structure are more rigid. The chemical variation pattern observed in the BGB 
chlorite is largely constrained by the requirement to maintain the fit between the sheets in 
the 2:1  layer and, to a lesser extent, between the two layers.
Chlorite composition limit
BGB chlorite covers almost the full chemical range of trioctahedral chlorite reported 
in the literature. A chemical composition limitation of chlorite between 1.5-9.5 Mg atom 
pfu and 1.0-3.2 A1IV, was suggested based on the chemical relationship between chlorite 
and the host rock (chapter 2). The result in Table 3.3 also predicts that there may be a 
chemical limit for the amount of Mg or Si in trioctahedral chlorite, and the limitation is the 
direct result of the misfit between the lateral dimensions of the talc-like layer and the 
brucite-like layer.
The misfit between the brucite-like layer and the talc-like layer provides an 
explanation to the compositional limit for high-Mg and low-AlVI chlorite. It is generally 
accepted that unrestricted brucite-like layer has a significantly larger lateral dimension than 
the talc-like layer, and this can be evidenced by the b values of brucite (9.36 A, Bailey, 
1984) and talc (9.173 A, Perdikatsis and Burzlaff, 1981), as well the misfit of hydroxyl 
plane and the tetrahedral sheet in serpentine minerals. The fit between the larger brucite-like 
layer and the smaller talc-like layer in chlorite is mainly achieved by certain amount of Al in 
both tetrahedral sheet and the brucite-like octahedral sheet. When the composition of 
chlorite approaches the high Si and Mg, the amounts of A1IV and A1VI in chlorite to make 
the lateral dimension of the brucite-like layer accommodate the dimension of the talc-like 
layer become insufficient, and the misfit due to a larger brucite-like layer and a smaller talc­
like layer simply results in the breakdown of chlorite structure to form other minerals. In
*
this study, serpentine is formed instead, which has a much more flexible structure to
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accommodate the octahedral sheet and the tetrahedral sheet. In Fig. 3.3, the dimension 
difference between the talc-like layer and the brucite-like layer increases toward the high 
Mg (i.e. low Al) chlorite.
It is also possible that there is chemical composition limit for the amount of Fe and 
Al in trioctahedral chlorite, though there is no direct evidence to indicate this limit. 
However, it is a fact that trioctahedral Al-chlorite with A1VI significantly larger than 3.0 has 
not been reported. In this study, the occurrence of Fe-rich or high Al chlorite is similar to 
the Mg-rich or Al-poor chlorite in that chlorite statistically becomes scarce and trace amount 
in samples where high Al chlorite is discovered. Therefore, A1VI in trioctahedral Al-chlorite 
is probably limited at about 3.0. The structural reasons for this limitation is not clear.
Octahedral ordering and layer fit
The chemical data of BGB chlorite support that the trivalent cations are ordered into 
the M(4) site in the brucite-like layer, which is proposed by the chlorite structural 
refinements. The dimension fit is perhaps one of the reasons for the partially ordered 
octahedral occupation. Because the brucite-like layer is likely larger than the talc-like layer 
in the high Mg and Si (i.e. low Al) chlorite as mentioned before, the preferential occupation 
of smaller A1VI or Cr3+ in M(4) site will reduce the dimension of larger brucite-like layer 
and help fit the two layers together.
3.4 Summary and Conclusions
The special chemical variation of chlorite from BGB and the b-dimension 
calculation indicate that the chemical variation of the chlorite is in a way that tends to 
maintain the fit between the tetrahedral and octahedral sheets in the talc-like layer and 
between the talc-like layer and the brucite-like layer. Tetrahedral rotation, though widely 
accepted as the main factor to fit the tetrahedral and octahedral sheets in phyllosilicates, 
does not have significance in fitting the sheets in trioctahedral chlorite, and the rotation is
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not necessary for the fit because it actually increases the misfit in the high Mg and Si 
chlorite. The amounts of Mg and Si in trioctahedral chlorite are limited by the need to keep 
the fit between the talc-like layer and the brucite-like layer in chlorite because the larger 
"free" brucite-like layer can be reduced by introducing certain amount of A1VI in the 
octahedral site and the smaller talc-like layer can be enlarged by reducing the amount of Si 
in the tetrahedral site. But the reason for chemical limitation of Fe and Al rich chlorite is 
unclear. It is also reasonable that the smaller A1VI concentrating in the M(4) site can help 
reduce the larger brucite-like layer to accommodate the smaller talc-like layer in Iow-Al 
chlorite.
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CHAPTER 4. ACTINOLITE: THE CHEMICAL VARIATION AND THE 
IMPLICATION ON THE CRYSTAL STRUCTURE
4.1 Introduction
Actinolite, an calcic amphibole, is a common low grade metamorphic facies 
mineral and hydrothermal product in basic to felsic rocks. The chemical composition of 
actinolite is quite variable and is regarded to be dependent on conditions of formation. 
Using the chemical composition of calcic amphibole as an indicator of formation 
conditions is a widely recognized approach to constrain the temperature and pressure for 
many geological processes (e.g. Leake, 1965; Raase, 1974; Graham, 1974; Brown, 1977). 
A1IV and Na(A) of amphibole have been reported to increase with the formation 
temperature (e.g. Bard, 1970; Spear, 1980; Plyusnina, 1982; Triboulet, 1992), and several 
geothermometers that relate to the chemical composition of amphibole have been 
proposed. Blundy and Holland (1990) studied the available experimental data on 
amphibole-plagioclase mineral pairs, and proposed that edenite substitution 
(NaCJ.[)(A)(AlSi.i) is more a function of temperature. Recently, the tschermakite 
substitution (AlvlAl[VMg_iSi.[) in amphibole has been considered to be related to the 
formation pressure (Hammarstrom and Zen, 1986; Hollister et al., 1987; Johnson and 
Rutherford, 1989; Vyhnal et al., 1991).
The chemical composition of actinolite is however also constrained by the crystal 
structure of the mineral. The number and the type of cations in each of the sites is limited 
by the crystal structure. Requirements to balance the bulk charges and the local charges 
between sites can be presented as the substitution schemes in the crystal structure of the 
mineral, mainly through Fe2+-Mg replacement and several coupled substitutions, 
including edenite, tschermakite, pargasite, hastingsite, richterite, riebeckite, and 
glaucophane (e.g. Thompson et al., 1982).
The chemical composition of actinolite may also be influenced by the bulk 
chemical composition of the host rock and the coexisting minerals, especially the
62
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coexisting Fe-Mg minerals. The complex relationships between the chemical composition 
of actinolite and the formation conditions, the host rock, and the crystal structure of the 
mineral have not been clearly demonstrated, and the influences on the chemical 
composition of actinolite from the bulk rock and the crystal structure have often been 
ignored in the construction of amphibole-related geothermobarometers.
Actinolite, a common mineral phase in the ultramafic to dacitic rocks in the 
Barberton Greenstone Belt (BGB), was formed under similar physical conditions, the 
pervasive lower greenschist metamorphism. It has variable chemical composition among 
the compositionally and Iithologically diverse samples. The chemical variation of the 
actinolite is solely a result of the influence from the host rock and the constraint from the 
crystal structure of the mineral. Therefore, actinolite from BGB provides an example for 
understanding the crystal chemistry of the mineral and to evaluate the influence on the 
chemistry of the mineral imposed by the host rock.
4.2 Chemistry of BGB actinolite
Actinolite in this study was analyzed in 36 rock samples that range from 
ultramafic to dacitic composition. The mineral chemical compositions, listed in Table 4.1, 
were analyzed by microprobe. Most of the results represent the average value of more 
than 6  points analyses in several grains in each of the samples. The standard deviation for 
actinolite in each sample is also given in the table, and it reflects both the analytical error 
caused by instrument instability and the real chemical variation among different grains in 
a sample. The relatively small standard deviation for most of the samples indicates that 
actinolite approximately reached equilibrium during the greenschist metamorphism. The 
relatively large standard deviation values for Fe and Mg in some samples imply that Fe 
and Mg in actinolite might be influenced by other coexisting Fe-Mg minerals, or by the 
local chemical composition within the rock.














Table 4.1 Chemical composition and standard deviation of actinolite from BGB.
sample 106-2 10-I7A 6-4A 78-5 78-6 78-8 224-10 224-14 229-la 229-lb 229-2 229-3
No of ana (6) (4) (10) (8) (9) (6) (6) (9) (10) (6) (15) (21)
Oxides Wt% Wt% Wt% Wl% Wt% Wt% Wl% Wt% Wt% Wt% Wt% Wt%
Si02 57.31 ± 0.38 58.65 ± 0.22 57.90 ±1.19 57.73 ±1.51 55.78 ± 0.64 56.42 ± 0.58 58.06 ± 0.29 56.28 ± 0.65 56.95 ± 0.47 57.01 ± 0.57 57.08 ± 0.79 56.63 ±1.16
Ti02 0.04 ± 0.02 0.03 ± 0.02 0.04 ± 0.02 0.04 ± 0.04 0.04 ± 0.03 0.10 ± 0.09 0.04 ± 0.02 0.08 ± 0.06 0.02 ± 0.01 0.04 ± 0.02 0.06 ± 0.09 0.03 ± 0.02
AI203 0.24 ± 0.07 0.03 ± 0.02 0.17 ± 0.11 0.81 ± 1.37 0.68 ± 0.46 0.21 ± 0.17 0.23 ±0.19 0.81 ± 0.56 0.28 ±0.13 0.30 ±0.19 0.38 ± 0.28 0.63 ± 0.57
Cr203 0.07 ± 0.05 0.16 ± 0.21 0.13 ± 0.09 0.03 ± 0.03 0.14 ± 0.06 0.02 ± 0.01 0.25 ± 0.33 0.10 ± 0.05 0.12 ± 0.10 0.04 ± 0.03 0.05 ± 0.05 0.05 ± 0.05
FeO* 3.78 ± 0.09 2.89 ± 0.09 1.82 ± 0.23 4.06 ± 0.41 11.10 ± 0.48 10.92 ± 1.38 3.95 ±0.15 9.78 ± 0.42 6.45 ± 0.66 6.96 ± 0.47 7.75 ± 0.89 6.74 ± 1.68
MnO 0.08 ± 0.05 0.12 ± 0.01 0.09 ± 0.02 0.12 ± 0.08 0.20 ± 0.04 0.20 ± 0.01 0.11 ± 0.04 0.20 ± 0.04 0.15 ± 0.05 0.16 ± 0.03 0.17 ± 0.05 0.14 ± 0.04
MgO 21.54 ± 0.17 22.89 ± 0.19 25.07 ± 1.33 21.93 ± 0.45 17.27 ± 0.22 17.82 ± 1.28 22.00 ± 0.27 18.42 ± 0.25 20.76 ± 0.49 20.44 ± 0.31 19.39 ± 0.67 19.89 ± 0.80
CaO 12.72 ± 0.15 13.45 ±0.16 11.62 ± 1.61 13.61 ± 0.31 13.26 ± 0.28 12.87 ± 0.45 13.02 ± 0.19 12.15 ± 0.52 13.49 ± 0.52 13.38 ± 0.50 13.20 ± 0.36 13.36 ± 0.95
Na20 0.10 ± 0.02 0.02 ± 0.02 0.03 ± 0.02 0.13 ± 0.22 0.10 ± 0.07 0.06 ± 0.08 0.06 ± 0.03 0.12 ± 0.10 0.02 ± 0.02 0.04 ± 0.03 0.03 ± 0.02 0.03 ± 0.02
K20 0.03 ± 0.02 0.03 ± 0.00 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.03 ± 0.02 0.02 ± 0.01 0.02 ± 0.02 0.01 ± 0.01 0.01 ± 0.01
Total 95.92 ± 0.27 98.25 ± 0.44 96.88 ± 1.26 98.48 ± 0.65 98.59 ± 0.55 98.61 ± 0.58 97.74 ± 0.27 97.96 ± 0.49 98.26 ± 0.56 98.38 ± 0.56 98.12 ± 0.68 97.86 ± 0.69
Calions on the basis or 23 oxygen, Fe3+/Fe2+ calculated by Papike's method (1974)*
Si 8.02 ± 0.05 8.00 ± 0.02 7.94 ± 0.09 7.91 ± 0.18 7.91 ± 0.08 7.95 ± 0.01 7.98 ± 0.04 7.92 ± 0.09 7.90 ± 0.05 7.92 ± 0.05 7.98 ± 0.10 7.94 ± 0.15
AI(1V) 0.00 ± 0.01 0.00 ± 0.00 0.03 ± 0.02 0.09 ± 0.18 0.09 ± 0.08 0.03 ± 0.02 0.02 ± 0.03 0.08 ± 0.09 0.05 ± 0.02 0.05 ± 0.03 0.02 ± 0.05 0.06 ± 0.10
IT 8.02 ± 0.04 8.00 ± 0.02 7.96 + 0.07 8.00 ± 0.01 8.00 ± 0.01 7.99 ± 0.03 8.00 ± 0.00 8.00 ± 0.00 7.95 ± 0.04 7.97 ± 0.02 8.00 ± 0.05 8.00 ± 0.05
AI(VI) 0.04 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.04 ± 0.05 0.02 ± 0.02 0.00 ± 0.01 0.02 ± 0.02 0.05 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.04 ± 0.03 0.04 ± 0.02
Ti 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00
Cr 0.01 ± 0.01 0.02 ± 0.02 0.01 ± 0.01 0.00 ± 0.00 0.02 ± 0.01 0.00 ± 0.00 0.03 ± 0.04 0.01 ± 0.01 0.01 ± 0.01 0.00 ± 0.00 0.01 ± 0.01 0.01 ± 0.01
Fe3+ 0.04 ± 0.03 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.08 0.00 ± 0.09 0.00 ± 0.02 0.07 ± 0.06 0.03 ± 0.14 0.02 ± 0.08 0.02 ± 0.08 0.00 ± 0.14 0.00 ± 0.21
Fe2+ 0.40 ± 0.02 0.43 ± 0.03 0.22 ± 0.02 0.46 ± 0.05 1.31 ± 0.07 1.29 ± 0.15 0.38 ± 0.05 1.15 ± 0.15 0.74 ± 0.11 0.80 ± 0.08 0.91 ± 0.16 0.79 ± 0.21
Mn 0.01 ± 0.01 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.01 0.02 ± 0.00 0.02 ± 0.00 0.01 ± 0.01 0.02 ± 0.00 0.02 ± 0.01 0.02 ± 0.00 0.02 ± 0.01 0.02 ± 0.00
Mg 4.49 ± 0.04 4.66 ± 0.03 5.12 ± 0.32 4.48 ± 0.08 3.65 ± 0.04 3.74 ± 0.23 4.51 ± 0.05 3.86 ± 0.05 4.30 ± 0.09 4.23 ± 0.05 4.04 ± 0.13 4.16 ± 0.16
IC 4.99 ± 0.04 5.04 ± 0.01 5.37 ± 0.32 5.00 ± 0.04 5.03 ± 0.03 5.07 ± 0.04 5.02 ± 0.02 5.14 ± 0.04 5.09 ± 0.05 5.08 ± 0.05 5.01 ± 0.08 5.01 ± 0.12
IC-5 -0.01 ± 0.04 0.04 ± 0.01 0.37 ± 0.32 0.00 ± 0.04 0.03 ± 0.05 0.07 ± 0.04 0.02 ± 0.02 0.14 ± 0.04 0.09 ± 0.05 0.08 ± 0.05 0.01 ± 0.08 0.01 ± 0.12
Ca 1.91 ± 0.03 1.97 ± 0.02 1.71 ± 0.22 2.00 ± 0.71 2.02 ± 0.04 1.94 ± 0.05 1.92 ± 0.03 1.83 ± 0.08 2.01 ± 0.08 1.99 ± 0.08 1.98 ± 0.05 2.01 ± 0.15
Na(M4) 0.03 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.01 0.00 ± 0.02 0.00 ± 0.02 0.01 ± 0.01 0.03 ± 0.03 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.01
IB 1.94 ± 0.05 2.00 ± 0.00 2.08 ± 0.00 2.00 ± 0.02 2.05 ± 0.00 2.01 ± 0.00 1.95 ± 0.02 2.00 ± 0.03 2.10 ± 0.02 2.07 ± 0.02 2.00 ± 0.05 2.02 ± 0.04
Na(A) 0.00 ± 0.00 0.00 ± 0.01 0.01 ± 0.01 0.03 ± 0.04 0.03 ± 0.01 0.02 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.01 ± 0.01 0.00 ± 0.00 0.01 ± 0.01
K 0.01 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
ICation 14.95 ± 0.01 15.01 ± 0.01 15.05 ± 0.06 15.04 ± 0.05 15.08 ± 0.04 15.02 ± 0.03 14.96 ± 0.02 15.01 ± 0.03 15.06 ± 0.03 15.05 ± 0.04 15.00 ± 0.03 15.03 ± 0.05
XFe2+ 0.08 ± 0.01 0.08 ± 0.01 0.04 ± 0.00 0.09 ± 0.01 0.26 ± 0.01 0.24 ± 0.00 0.08 ± 0.01 0.23 ± 0.03 0.12 ± 0.02 0.13 ± 0.02 0.17 ± 0.03 0.14 ± 0.04

















sample 229-5 107-1 107-3 107-8 224-16 224-19 266-6 266-7 266-9 266-10 268-1 268-2
No or ana (19) (9) (9) (20) (20) (7) (28) (37) (12) (24) (17) (21)
Oxides Wt% Wt% Wt% Wl% Wl% Wl% Wt% Wl% Wl% Wl% Wt% Wt%
Si02 58.11 ±0.37 56.03 ± 0.64 55.66 ± 0.26 55.25 ± 0.52 56.57 ± 0.50 55.96 ± 0.40 56.07 ± 0.86 55.56 ± 0.41 55.16 ± 0.49 55.33 ± 0.72 56.27 ± 0.74 55.77 ± 0.43
Ti02 0.03 ± 0.02 0.05 ± 0.03 0.05 ± 0.03 0.07 ± 0.05 0.05 ± 0.03 0.04 ± 0.03 0.04 ± 0.05 0.08 ± 0.07 0.07 ± 0.07 0.06 ± 0.05 0.02 ± 0.03 0.05 ± 0.09
AI203 0.12 ± 0.06 0.67 ± 0.44 0.57 ± 0.14 0.66 ± 0.16 0.47 ± 0.23 0.42 ±0.16 0.75 ± 0.44 0.69 ± 0.39 0.70 ± 0.32 1.02 ± 0.55 1.40 ± 0.31 1.32 ± 0.35
Cr203 0.03 ± 0.03 0.09 ± 0.04 0.03 ± 0.02 0.09 ± 0.06 0.05 ± 0.04 0.07 ± 0.06 0.13 ± 0.10 0.15 ± 0.18 0.06 ± 0.08 0.03 ± 0.02 0.18 ± 0.08 0.10 ± 0.09
FeO* 5.86 ± 0.62 10.98 ± 0.36 14.04 ± 0.95 14.56 ± 1.33 11.83 ± 0.54 11.57 ± 0.40 10.67 ± 0.72 12.58 ± 2.08 14.56 ± 0.43 14.52 ± 0.53 9.32 ± 0.59 9.51 ± 0.38
MnO 0.16 ± 0.03 0.24 ± 0.06 0.21 ± 0.06 0.26 ±0.12 0.24 ± 0.05 0.22 ± 0.05 0.21 ± 0.05 0.22 ± 0.04 0.21 ± 0.04 0.20 ± 0.05 0.16 ± 0.04 0.16 ± 0.04
MgO 20.53 ± 0.66 17.43 ± 0.21 15.14 ± 0.58 14.87 ± 0.99 16.90 ± 0.32 17.09 ± 0.40 17.13 ± 0.81 16.38 ± 1.31 14.49 ± 0.47 14.44 ± 0.42 17.60 ± 0.60 17.60 ± 0.52
CaO 13.22 ± 0.29 12.29 ± 0.30 12.45 ±0.11 12.68 ± 0.22 12.00 ± 0.22 12.14 ± 0.14 12.80 ± 0.23 12.86 ± 0.28 12.78 ±0.13 12.96 ± 0.33 13.32 ± 0.23 13.19 ± 0.19
Na20 0.04 ± 0.02 0.14 ± 0.05 0.10 ± 0.03 0.19 ± 0.05 0.24 ± 0.08 0.13 ± 0.06 0.16 ± 0.10 0.15 ± 0.06 0.13 ± 0.05 0.18 ± 0.07 0.15 ± 0.07 0.15 ± 0.04
K20 0.02 ± 0.01 0.03 ± 0.02 0.03 ± 0.02 0.04 ± 0.03 0.03 ± 0.02 0.02 ± 0.01 0.02 ± 0.02 0.03 ± 0.02 0.03 ± 0.01 0.06 ± 0.04 0.03 ± 0.02 0.03 ± 0.02
Total 98.11 ± 0.40 97.94 ± 0.40 98.28 ± 0.42 98.68 ± 0.37 98.27 ± 0.66 97.65 ± 0.39 97.99 ± 0.54 98.70 ± 0.58 98.19 ± 0.41 98.79 ± 0.57 98.44 ± 0.43 97.88 ± 0.34
Cations on the basis or 23 oxygen, Fe3+/Fe2+ calculated by Pnpike's method (1974)
Si 8.05 ± 0.05 7.92 ± 0.07 7.97 ± 0.02 7.92 ± 0.04 7.98 ± 0.03 7.97 ± 0.02 7.95 ± 0.09 7.89 ± 0.07 7.96 ± 0.05 7.93 ± 0.07 7.90 ± 0.09 7.88 ± 0.05
Aid V) 0.00 ± 0.01 0.08 ± 0.08 0.03 ± 0.02 0.08 ± 0.04 0.02 ± 0.03 0.03 ± 0.02 0.05 ± 0.06 0.11 ± 0.07 0.04 ± 0.05 0.07 ± 0.06 0.10 ± 0.07 0.12 ± 0.05
IT 8.05 ± 0.04 8.00 ± 0.00 8.00 ± 0.00 8.00 ± 0.01 8.00 ± 0.01 8.00 ± 0.00 8.00 ± 0.03 8.00 ± 0.01 8.00 ± 0.01 8.00 ± 0.01 8.00 ± 0.02 8.00 ± 0.00
AI(VI) 0.02 ± 0.01 0.03 ± 0.01 0.07 ± 0.03 0.04 ± 0.02 0.06 ± 0.03 0.04 ± 0.03 0.08 ± 0.06 0.01 ± 0.05 0.07 ± 0.05 0.10 ± 0.04 0.13 ± 0.07 0.10 ± 0.05
Ti 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.01 ± 0.01 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.01
Cr 0.00 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.01 ± 0.00 0.01 ± 0.01 0.01 ± 0.01 0.02 ± 0.02 0.01 ± 0.01 0.00 ± 0.00 0.02 ± 0.01 0.01 ± 0.01
Fe3+ 0.00 ± 0.05 0.16 ± 0.08 0.06 ± 0.04 0.04 ± 0.04 0.13 ± 0.07 0.00 ± 0.07 0.00 ± 0.08 0.07 ± 0.08 0.00 ± 0.03 0.00 ± 0.02 0.00 ± 0.11 0.00 ± 0.03
Fe2+ 0.68 ± 0.09 1.13 ± 0.05 1.62 ± 0.12 1.71 ± 0.18 1.27 ± 0.08 1.40 ± 0.10 1.27 ± 0.13 1.42 ± 0.29 1.76 ± 0.06 1.74 ± 0.06 1.09 ± 0.13 1.12 ± 0.06
Mn 0.02 ± 0.00 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.00 0.03 ± 0.00 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.00
Mg 4.24 ±0.12 3.67 ± 0.04 3.23 ± 0.11 3.18 ± 0.19 3.55 ± 0.06 3.63 ± 0.07 3.62 ± 0.17 3.47 ± 0.25 3.12 ± 0.09 3.08 ± 0.08 3.68 ±0.13 3.71 ± 0.10
IC 4.96 ± 0.08 5.05 ± 0.02 5.02 ± 0.01 5.01 ± 0.02 5.05 ± 0.03 5.11 ± 0.04 5.01 ± 0.06 5.02 ± 0.04 4.99 ± 0.03 4.96 ± 0.05 4.95 ± 0.04 4.97 ± 0.04
IC-5 -0.04 ± 0.08 0.05 ± 0.02 0.02 ± 0.01 0.01 ± 0.02 0.05 ± 0.03 0.11 ± 0.04 0.01 ± 0.06 0.02 ± 0.04 -0.01 ± 0.03 -0.04 ± 0.05 -0.05 ± 0.04 -0.03 ± 0.04
Ca 1.96 ± 0.04 1.86 ± 0.04 1.91 ± 0.01 1.95 ± 0.04 1.81 ± 0.04 1.85 ± 0.02 1.94 ± 0.03 1.96 ± 0.04 1.98 ± 0.02 1.99 ± 0.05 2.00 ± 0.03 2.00 ± 0.03
Na(M4) 0.01 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 0.04 ± 0.02 0.07 ± 0.02 0.03 ± 0.02 0.04 ± 0.02 0.02 ± 0.01 0.04 ± 0.02 0.05 ± 0.02 0.04 ± 0.02 0.03 ± 0.02
IB 1.97 ± 0.07 1.95 ± 0.01 1.95 ± 0.01 2.00 ± 0.02 1.93 ± 0.05 2.00 ± 0.04 2.00 ± 0.05 2.00 ± 0.03 2.00 ± 0.02 2.00 ± 0.03 2.00 ± 0.01 2.00 ± 0.01
Na(A) 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.01 0.02 ± 0.01 0.00 ± 0.01 0.00 ± 0.02 0.00 ± 0.02 0.01 ± 0.01
K 0.00 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.01 ± 0.00
ICation 14.99 ± 0.04 14.95 ± 0.01 14.96 ± 0.01 15.02 ± 0.03 14.94 ± 0.05 15.00 ± 0.04 15.00 ± 0.04 15.02 ± 0.03 15.00 ± 0.03 15.01 ± 0.03 15.00 ± 0.03 15.02 ± 0.02
















sample 29-7 212-9 356-12 10—8 216-8 266-8 300-9 17-7 17-8 l-6a 53-1A 128-1
No of ana (25) (8) (9) (10) (41) (6) (12) (6) (7) (4) (7) (8)
Oxides Wt% Wt% Wt% Wt% Wl% Wl% Wl% Wl% Wl% Wt% Wl% Wt%
Si02 55.36 ± 0.67 54.13 ± 0.80 55.14 ± 0.80 55.85 ± 0.52 55.20 ± 0.59 54.82 ± 0.56 53.67 ± 1.82 51.92 ± 0.98 53.00 ± 2.40 54.26 ± 0.93 55.01 ± 0  80 53.98 ± 0.71
Ti02 0.02 ± 0.02 0.03 ± 0.02 0.02 ± 0.02 0.02 ± 0.02 0.03 ± 0.03 0.08 ± 0.07 0.21 ± 0.20 0.02 ± 0.01 0.09 ± 0.08 0.14 ± 0.07 0.06 ± 0 05 0.07 ± 0.05
AI203 1.38 ± 0.41 1.28 ± 0.32 0.80 ± 0.61 1.12 ± 0.26 1.29 ± 0.45 1.76 ± 0.42 1.67 ± 0.57 1.52 ± 0.68 1.99 ± 1.62 1.55 ± 0.72 1.00 ± 0 52 1.74 ± 0.50
Cr203 0.10 ± 0.09 0.06 ± 0.04 0.02 ± 0.01 0.03 ± 0.03 0.11 ±0.13 0.04 ± 0.03 0.03 ± 0.03 0.03 ± 0.02 0.04 ± 0.03 0.08 ± 0.04 0.05 ± 0  03 0.10 ± 0.07
FeO* 12.66 ± 0.72 14.12 ± 0.50 10.28 ± 0.79 10.62 ± 0.45 12.97 ± 0.92 12.74 ± 0.78 17.87 ± 2.27 20.35 ± 0.68 14.34 ± 2.50 19.32 ± 0.84 10.80 ±111 13.75 ± 1.40
MnO 0.25 ± 0.04 0.23 ± 0.04 0.32 ± 0.06 0.15 ± 0.06 0.20 ± 0.05 0.19 ± 0.04 0.20 ±0.10 0.29 ± 0.07 0.39 ±0.11 0.64 ± 0.07 0.42 ± 0 07 0.50 ±0.16
MgO 15.70 ± 0.41 15.36 ± 0.44 17.95 ± 0.67 17.52 ± 0.43 15.76 ± 0.86 15.63 ± 0.70 12.67 ± 1.60 11.10 ± 0.46 14.79 ± 1.93 11.78 ± 0.39 17.28 ± 0  82 15.36 ± 0.88
CaO 12.98 ± 0.28 12.82 ± 0.34 13.31 ± 0.29 13.02 ± 0.19 13.00 ± 0.13 12.93 ± 0.27 12.27 ± 0.66 12.54 ± 0.12 12.42 ± 0.73 10.11 ± 0.35 12.77 ± 0  45 12.90 ± 0.36
Na20 0.21 ± 0.06 0.19 ± 0.07 0.20 ± 0.07 0.15 ± 0.06 0.13 ± 0.06 0.15 ± 0.07 0.31 ±0.15 0.29 ± 0.08 0.54 ± 0.27 1.13 ± 0.21 0.36 ± 0  17 0.31 ± 0.10
K20 0.04 ± 0.02 0.04 ± 0.02 0.06 ± 0.05 0.04 ± 0.02 0.03 ± 0.02 0.04 ± 0.02 0.14 ± 0.13 0.13 ± 0.06 0.10 ± 0.04 0.02 ± 0.02 0.11 ± 005 0.12 ± 0.06
Total 98.69 ± 0.47 98.25 ± 0.34 98.11 ± 0.34 98.54 ± 0.41 98.71 ± 0.47 98.36 ± 0.46 99.03 ± 0.75 98.46 ± 0.26 97.69 ± 0.82 99.02 ± 0.31 97.86 ± 0 72 98.83 ± 0.50
Cations on the basis of 23 oxygen, Fe.3+/Fe2+ calculated by Papike's method (1974)
Si 7.88 ± 0.07 7.78 ± 0.08 7.83 ± 0.08 7.87 ± 0.03 7.86 ± 0.06 7.83 ± 0.06 7.79 ± 0.15 7.73 ±0.12 7.69 ± 0.27 7.86 ±0.12 7.84 ± 0 0 6 7.73 ± 0.07
AI(1V) 0.12 ± 0.07 0.22 ± 0.06 0.13 ± 0.09 0.13 ± 0.03 0.14 ± 0.06 0.17 ± 0.06 0.21 ± 0.11 0.27 ±0.12 0.31 ± 0.28 0.14 ± 0.12 0.16 ± 0 0 7 0.27 ± 0.07
IT 8.00 ± 0.00 8.00 ± 0.03 7.96 ± 0.04 8.00 ± 0.00 8.00 ± 0.01 8.00 ± 0.00 8.00 ± 0.05 8.00 ± 0.01 8.00 ± 0.01 8.00 ± 0.00 8.00 ±001 8.00 ± 0.02
Al(VI) 0.11 ± 0.02 0.00 ± 0.04 0.00 ± 0.03 0.06 ± 0.03 0.08 ± 0.07 0.12 ± 0.03 0.07 ±0.12 0.00 ± 0.01 0.03 ± 0.04 0.13 ± 0.02 0.00 ± 0 03 0.03 ± 0.05
Ti 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0,00 0.00 ± 0.00 0.01 ± 0.01 0.02 ± 0.02 0.00 ± 0.00 0.01 ± 0.01 0.02 ± 0.01 0.01 ±001 0.01 ± 0.01
Cr 0.01 ±0.01 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.02 0.00 ± 0.00 0.00 ± .0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.01 ± 0  00 0.01 ± 0.01
Fe3+ 0.00 ± 0.07 0.15 ± 0.06 0.05 ± 0.07 0.05 ± 0.05 0.02 ± 0.07 0.02 ± 0.04 0.11 ± 0.10 0.15 ± 0.09 0.16 ± 0.25 0.27 ± 0.10 0.08 ± 006 0.07 ± 0.21
Fe2+ 1.51 ± 0.09 1.56 ± 0.05 1.18 ± 0.07 1.20 ± 0.07 1.52 ± 0.15 1.50 ± 0.09 2.06 ± 0.34 2.37 ±0.11 1.58 ± 0.36 2.08 ± 0.15 1.21 ± 0 10 1.59 ± 0.24
Mn 0.03 ± 0.01 0.03 ± 0.00 0.04 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.00 0.02 ± 0.01 0.04 ± 0.01 0.05 ± 0.01 0.08 ± 0.01 0.05 ±001 0.06 ± 0.02
Mg 3.33 ± 0.08 3.29 ±0.10 3.80 ±0.12 3.68 ± 0.07 3.34 ± 0.17 3.32 ±0.13 2.74 ± 0.32 2.45 ± 0.09 3.20 ± 0.37 2.54 ± 0.08 3.67 ± 0 15 3.28 ± 0.17
IC 4.99 ± 0.03 5.03 ± 0.05 5.08 ± 0.03 5.01 ± 0.01 5.01 ± 0.02 5.00 ± 0.02 5.03 ± 0.12 5.01 ± 0.02 5.03 ± 0.02 5.12 ± 0.02 5.02 ± 003 5.05 ± 0.03
IC-5 -0.01 ± 0.03 0.03 ± 0.05 0.08 ± 0.05 0.01 ± 0.01 0.01 ± 0.02 0.00 ± 0.02 0.03 ±0.12 0.01 ± 0.02 0.03 ± 0.02 0.12 ± 0.02 0.02 ± 0  03 0.05 ± 0.03
Ca 1.98 ± 0.04 1.97 ± 0.06 2.02 ± 0.05 1.97 ± 0.02 1.98 ± 0.02 1.98 ± 0.04 1.91 ± 0.12 1.99 ± 0.02 1.93 ± 0.11 1.57 ± 0.05 1.95 ± 006 1.98 ± 0.06
Na(M4) 0.03 ± 0.01 0.00 ± 0.02 0.00 ± 0.01 0.02 ± 0.01 0.01 ± 0.01 0.02 ± 0.02 0.06 ± 0.04 0.00 ± 0.01 0.04 ± 0.08 0.31 ± 0.06 0.03 ± 003 0.02 ± 0.02
IB 2.00 ± 0.01 2.00 ± 0.00 2.10 ± 0.00 2.00 ± 0.00 2.00 ± 0.01 2.00 ± 0.00 2.00 ± 0.14 2.00 ± 0.00 2.00 ± 0.00 2.00 ± 0.00 2.00 ± 000 2.00 ± 0.00
Na(A) 0.02 ± 0.02 0.05 ± 0.03 0.05 ± 0.02 0.02 ± 0.02 0.03 ± 0.02 0.02 ± 0.02 0.02 ± 0.06 0.08 ± 0.02 0.11 ± 0.05 0.01 ± 0.01 0.07 ± 0  02 0.07 ± 0.03
K 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.01 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.03 ± 0.02 0.02 ± 0.01 0.02 ± 0.01 0.00 ± 0.00 0.02 ± 001 0.02 ± 0.01
iCalion 15.03 ± 0.02 15.06 ± 0.06 15.14 ± 0.08 15.03 ± 0.02 15.03 ± 0.03 15.03 ± 0.04 15.05 ± 0.14 15.11 ± 0.04 15.13 ± 0.07 15.01 ± 0.01 15.09 ± 002 15.12 ± 0.06




Chemical formula of actinolite was calculated from the chemical analysis on the 
basis of 23 oxygens. Cations were assigned by the following procedures:
T site: all Si to T site; then add A1 to sum to 8.00 T-type cations per formula unit 
(pfu).
C site (Ml, M2, M3): left-over A1 to C; then add Fe34-, Ti44-, Cr34-, Mg, Fe2+, Mn to 
sum 5.00 C-type cations pfu.
B site (M4): left-over Mg, Fe2+, Mn to B-sites; then add Ca and Na to B to sum to 
2 .0 0  pfu.
A site: left-over Na to A-site; then add K to A-site. A-site should sum less than 1.00. 
Due to the poor understanding in the ordering of R2+ cations among C-site and B-site, the 
extra Mg, Fe2+, and Mn from C = 5.00 were not individually calculated into B-site, but 
the total left-over R2+ from C=5.00 was added into B-site in considering Na(B).
The contents of Fe34- and Fe2+ were partitioned by following the approach of 
Papike (Papike, 1974; Papike et al., 1974). In which a charge balance equation relating 
the coupled substitutions is used to calculate the Fe2+ and Fe3+:
(Na, K)A + (Al + Fe3* + 2Ti)C = (A1)T + (Na)B
where the A, B, C, T are the cation groups that relate to the cation sites in amphibole , 
and the excessive charge in the left hand of the equation should balance the deficient 
charge in the right hand of the equation. The calculation was done in a spread sheet, and 
the equation was solved in an iterative way, in which each estimated new Fe34" and Fe2+ 
were used to recalculate the FeO and Fe2 0 3  before the next iteration. However, the 
cationic charge balance to the theoretical 46 (23 oxygen) is not guaranteed by the 
Fe ̂ /F e24- partitioning calculation because non-balance for a few actinolites, though not 
significant, may result from the analytical difficulty. Fig. 4.1, the relationship of 
excessive charge in A and C sites vs. deficient charge in B and T sites, indicates that not
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all plots fall in the 1:1 line as should be predicted by the formula calculation scheme. 
Actinolite, specially tremolite composition (plotted in the lower left part of the figure), 
normally has Si close to 8.00, and the Si>8.00 situation can result from even very small 
analytical errors, which may result in F3+<0 if the charge has to be balanced. F^cO  can
00
0.3-






0.10 0.4 0.50.2 0.3
(Alrv+Na(M4)) Charge deficiency
Fig. 4.1. Scatter diagram of excess charge in the octahedral and A sites vs. 
charge deficiency in the tetrahedral and B sites in BGB actinolite.
also result from slightly higher analyzed Ca that is often close to 2.00. In general, Fe3* is
assigned to zero and the total charge is not exactly balanced in these cases. Nevertheless,
only a few analyses among the 36 samples show significant charge balance problem,
mostly present where Si>8.00, and the maximum unbalanced charge is less than 0.1 in a
total charge of 46. Therefore, this slight deviation should not cause significant confusion
in the discussion by utilizing the chemical data of these actinolites.
The analyzed actinolite in Table 4.1 shows large variations of FeO and MgO 
contents among the samples, whereas the other oxides in actinolite are relatively less 
variable. FeO of actinolite spans from 1.82 wt% in an ultramafic rock (sample 6-4) to
20.35 in a dacitic rock, and MgO from 11.10 wt% in the dacitic rock to 25.07 in the 
ultramafic rock. These chemical variations are also depicted in Fig. 4.2. In the ternary 
diagrams, the plots form a basic relationship of Fe2+-Mg variation with almost constant 
Ca and a slight increase of XA1 with Fe2+. The Fe2+/(Fe2++Mg) ratio of actinolite ranges
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Fig. 4.3. Oxide ternary diagrams of BGB rock
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from 0.04 to 0.49 among the samples (Table 4.1 and Fig. 4.2), and the mineral can be 
classified as actinolite to tremoiite based on the nomenclature of Leake (1978).
4.3 Chemistry of the host rock
Thirty two actinolite-bearing rock samples, including olivine cumulate, pyroxene 
cumulate, komatiite, komatiitic basalt, basalt, and dacite, have been analyzed by ICP- 
AES and XRF. The general petrographic description of these host rocks is presented in 
the Appendix A. Tremoiite in the ultramafic samples is a minor mineral phase and 
coexists with serpentine, talc, and minor chlorite. Actinolite is the most abundant 
secondary mineral phase in komatiites and basaltic samples and it is commonly 
associated with chlorite, albite, and quartz. Minor actinolite is also found in the dacitic 
rocks, and is associated mainly with sericite, albite, quartz, and chlorite. The chemical 
composition of the tremolite-actinolite bearing rocks, presented in Table 4.2 and Fig. 4.3, 
indicates that the SiC>2 of the rock only spans from 42.53 wt% in ultramafic rock (78-5) to 
64.72 in a dacitic sample (17-8) on an anhydrous basis; AI2 O3 from 2.73 wt% in the 
ultramafic rock (78-5) to 17.48 in a dacitic rock (53-1 A); FeO from 4.51 wt% in a dacitic 
sample (17-8) to 17.77 in an ultramafic rock (78-5); MgO from 1.72 wt% in a dacitic rock 
(17-8) to 36.19 in a ultramafic sample (106-2); CaO from less than one wt% in an olivine 
cumulate (106-2) to 14.76 in the pyroxene cumulate (78-6); Na2 0  from trace amount in 
the ultramafic rock (106-2) to 7.21 wt% in a dacitic rock (17-8); and K2O from very low 
in most ultramafic and komatiitic rocks up to 6.29 wt% in a dacitic sample (53-1 A).
The FeO/(FeO+MgO) ratio of the rocks ranges from 0.18 in an ultramafic sills 
gradually up to about 0.4 in komatiitic rocks, 0.5 in basaltic rocks, 0.7 in dacitic samples. 
This ratio changing along with rock type is further evidenced in Fig. 4.3, in which the 
ratio increases with AI2 O3 content in the rock.
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Table 4.2. Chemical composition of actinolite-bearing rock from BGB
Samples Cumulate________________________________! Komatiite
Elements 106-2* 267-2 78-5 78-6 78-8 j 224-10* 224-14* 229-la 229-Ib 229-2 229-3
Si02 Wt% 48.49 39.81 34.02 50.68 49.72 48.98 50.00 46.44 48.07 45.01 45.79
Ti02 Wt% 0.11 0.15 0.19 0.43 0.42! 0.40 0.65 0.37 0.34 0.46 0.42
AI203 Wt% 6.46 1.74 2.18 4.94 2.75 4.01 6.68 3.44 3.42 459 4.28
FeO Wt% 7.89 15.02 14.21 1059 1151• 10.87 12.60 11.04 1055 9.06 10.74
MnO Wt% 0.15 0.22 0.23 0.20 0.261 0.20 0.20 0.16 0.14 050 0.19
MgO Wt% 36.19 34.24 26.12 14.01 1552! 26.02 18.05 1955 19.60 18.42 19.83
CaO Wt% 056 115 145 1453 1557' 8.99 10.84 1157 11.37 13.05 10.81
Na20 Wt% 0.03 0.20 056 158 0.87 052 0.97 0.21 0.20 0.19 0.14
K20 Wt% 0.09 0.00 0.00 054 0.00! 0.02 0.00 0.06 0.06 0.07 0.00
P205 Wt% 0.04 0.05 0.03 0.04 0.09! 0.00 0.00 0.05 0.13 0.05 0.08
Total Wt% 100.01 9358 79.99 96.44 96.12 j 100.01 99.99 9259 9358 90.80 92.28
Cr ppm 3831 5220 3769 1484 1481 1474 1514 2386 1935 1969 2303
Samples Komatiitic basalt
Elements 229-5 107-1* 107-8* 224-16* 224-19* 266-6 266-7 266-9 266-10 268-1 268-2
Si02 Wt% 47.60: 52.46 48.66 52.65 49.60 51.60 58.46 51.92 5251 52.88 53.27
Ti02 Wt% 0.25 0.69 0.66 0.63 0.78 0.61 058 0.81 0.81 054 0.60
A1203 Wt% 2.63 7.17 6.74 651 7.80 5.11 7.19 9.89 9.44 9.76 11.33
FeO Wt% 11.72: 12.42 15.84 11.21 13.14 11.08 8.04 9.65 10.23 8.46 8.42
MnO Wt% 0.14 0.23 0.22 0.21 0.22 0.22 0.16 0.19 0.20 0.12 0.13
MgO Wt% 20.93 16.36 1554 1352 15.23 16.43 11.24 9.74 10.77 13.42 12.47
CaO Wt% 9.27 9.39 11.30 12.81 11.04 9.85 8.68 9.93 10.42 6.77 6.85
Na20 Wt% 0.14 1.11 1.23 2.30 1.98 1.00 3.43 3.17 2.94 2.96 359
K20 Wt% 0.00 0.08 0.00 0.16 0.21 0.41 0.00 0.92 0.21 0.06 0.00
P205 Wt% 0.04 0.08 0.11 0.00 0.00 0.09 0.08 0.12 0.13 0.11 0.12
Total Wt% 92.72 99.99 100.00 100.00 100.00 96.40 97.86 96.33 97.66 95.08 96.78
Cr ppm 2270 1486 2232 819 956 1127 1113 744 803 1100 1130
Basalt Dacite
Elements 29-7* 212-9* 356-12 216-8 266-8 300-9 17-7* 17-8* 1-6* 53-1 A* 128-1* 31-3*
Si02 51.85 5453 5251 52.45 49.64 50.03 64.40 64.72 54.79 6051 62.35 6457
Ti02 0.40 0.45 057 1.00 059 2.04 0.68 0.63 156 054 0.62 0.68
A1203 10.32 11.97 1556 15.04 15.65 11.15 16.80 16.39 13.45 17.48 15.36 17.09
FeO 953 9.99 9.28 10.85 9.28 12.48 4.79 451 13.42 4.73 6.22 4.84
MnO 0.17 0.18 0.20 0.16 0.15 0.19 0.06 0.05 0.19 0.08 0.12 0.07
MgO 10.05 9.16 10.01 7.47 8.13 7.24: 1.99 1.72 3.75 3.34 2.87 1.66
CaO 9.96 9.76 4.87 10.01 9.76 756 2.64 2.49 3.74 2.35 3.36 2.80
Na20 2.63 3.93 4.88 2.83 2.95 2.72 6.29 751 4.90 4.32 4.04 6.20
K20 0.10 0.00 2.04 0.08 0.17 1.33 2.14 2.07 0.33 6.29 4.65 1.87
P205 0.04 0.02 0.28 0.08 0.11 0.22 0.20 0.22 0.21 0.36 0.41 0.22
Total 95.05 99.99 100.00 99.97 96.43 94.96 100.00 100.00 96.34 100.00 100.00 100.00
Cr 810 468 130 210 247 326 17 3 98 59 19
* analyzed by XRF 0.00 (wt%) value means below detection limit.
— — ■ — — . .  ■ ■ ■ .  i.. i ii i ■ —— ....   ■ » —— m —
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4.4 Discussion
Cation correlation
The simple correlation coefficient analysis has been done to depict the 
relationships between the cation abundances in the actinolite. It is shown in Table 4.3 that 
the most significant relationship is between Fe2+ and Mg, which has a simple correlation 
coefficient -0.99. The good correlation among Allv-Na(A) (0.9), A1IV-K (0.78), A1[V- 
ICations (0.77), Na(A)-K (0.8), Na(A)-lA  (0.99), Na(A)-(AlIV-AlVI) (0.94), K -lA  
(0.86), K-(A1IV-A1VI) (0.76), IA-(A1IV-A1VI) (0.93), Na(A)-XCations (0.85) are positive, 
and among Si-Na(A) (-0.88), Si-K (-0.75), Si-XCations (-0.82), Si-XA (-0.88), Si-(A1IV- 
A1VI) (-0.9), A1IV-XA (-0.9), Ca-Na(B) (-0.88) are negative. Also apparent positive 
correlation exists among Si-Mg, Al1 V-Fe2+ /(Fe2++Mg), AlIV-Fe2+, AlIV-Mn, Fe^-M n, 
Fe3+-Na(B), Fe2+-Mn, Fe2+-K, Mn-Na(B), Mn-Fe2+/(Fe2++Mg), Mn-XA, and negative 
correlation among Si-Fe2+, Si-Mn, Si-Fe/(Fe+Mg), AlIV-Mg, Fe^-Ca, Mg-Mn, Mg-K, 
Mn-Ca. Some of the relationships are plotted in scatter diagram.
The general relationship between individual cation abundance in the actinolite is 
presented as scatter diagrams of other cations vs. Mg in Fig. 4.4. It is shown in the figure 
that abundance variation of most cations in actinolite presents a weak correlation with Mg 
(Fig. 4.4a, b, c, d, f, h, i). However, Fe2+ displays a strong negative correlation with Mg 
(Fig. 4.4e), and Ca seems independent of Mg (Fig. 4.4g). It also can be seen from the 
figure that only Si is apparently positively associated with Mg (Fig. 4.4a), and most other 
cations are negatively correlated with Mg. The Fe2+-Mg linear relationship results from 
the Fe2+-Mg substitution, and the relatively larger variation ranges of Fe2+ and Mg in the 
actinolite give the well defined plotting trend. The more scattering pattern for other cation 
relationships in the figure is partly due to analytical difficulty since the variation range for 
other elements is small. For the minor component such as A1IV, AlVI, Fe3*, Mn, Na(M4), 
K, and Cr, the analytical error plays an even more significant role in the scattering 
because the standard deviation is larger relative to their low abundances. Therefore, it is
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Fig. 4.4. Cation scatter diagrams of BGB actinolite. a. Si vs. Mg, positive slope; 
b. A1IV vs. Mg, negative slope with trajectary near Mg = 5.0; c. A1VI vs. Mg, negative 
slope with trajectary near Mg = 5.0.
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Fig. 4.4. (con'd) d. Fe3+ vs. Mg, negative slope with trajectory near Mg = 5.0;
e. Fe2+ vs. Mg, negative slope with trajectory at Mg = 5.0; f. Mn vs. Mg, negative slope 
with trajectory near Mg = 5.0.
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Fig. 4.4. (con'd) g. Ca vs. Mg, no correlation; h. Na(M4) vs. Mg, negative slope with 
trajectory near Mg = 5.0; i. K vs. Mg, negative slope with trajectory near Mg = 5.0.
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possible that the real relationships between these cations and Mg in actinolite may be 
better than these shown in the figure.
C group cation substitution
Fe2* and Mg are the major cations in the five C sites (2M1, 1M2, 2M3), and A1VI, 
Fe3*, Cr, Ti, Mn are minor components in these positions in the actinolite. The Fe2*-Mg 
substitution is the best defined cation relationship in the actinolite (Fig. 4.5a). The plots 
of Fe2* vs. Mg form a straight line with negative slope. Extrapolation to the Mg end- 
member is at Mg = 5.0, and to the Fe2+ end-member is at Fe2+ =4.5. This diagram 
indicates: a. the cation variation in the octahedral sites of actinolite is mainly represented 
by Fe2+-Mg substitution, which presents a linear but not a simple 1:1 pattern, b. 
(Mg+Fe2*) in actinolite increases toward the Mg end-member, but decreases with Fe2* 
content in the mineral, c. the sum of Mg and Fe2+ in actinolite is generally limited to less 
than 5.00, hence Mg and Fe2* probably only occupies M l, M2, and M3 sites. The 
(Mg+Fe2*) sum variation is similar to that observed in the BGB chlorite (Chapter 2), and 
implies that other cations are involved in octahedral substitution for Mg.
The weak correlations, depicted in Fig. 4.4c, d, e, f of Mg vs. some other 
octahedral cations, show that other octahedral cations generally decrease with Mg, and a 
trajectory at about Mg = 5 in the Mg end-member, though the diagrams show apparent 
scattering due to the relatively low concentrations and small variation ranges for some of 
these other cations in the mineral. This further suggests that Mg is replaced by other 
octahedral cations, including Fe2+, Fe3*, Mn, Cr3*, Ti4*, A1VI. This octahedral 
substitution pattern is clearly demonstrated in Fig. 4.5b, the scatter plot of Mg vs.
SXother octahedral cations). The plot trend has a negative slope and a near 1:1 linear 
pattern (with a determination coefficient R2=0.98). It has extrapolated intercepts at almost 
ideal £(other octahedral cations) = 5 and Mg = 5 respectively. Fig. 4.5 well describes









Fig. 4.5. C-group cation scatter diagrams, a. Fe2+ vs. Mg with prajectories at Mg = 5 
and Fe2+ = 4.5; b. R3+(VI)+2Ti+Fe2++Mn or X(other octahedral cations) vs. Mg, the 
trajectories are Mg = 5 and Xother octahedral cations = 5.
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the cation relationship in the five octahedral M l, M2, M3 sites (the C group cations) in 
actinolite:
a. In the octahedral site, the cation relationship is generally Mg substituting for all 
other C group cations.
b. The sum of Fe2+, Mg, Mn, Cr, Ti, A1VI is generally confined to less than 5 in the 
actinolite. These cations generally belong to the C group and do not tend to enter 
the M4 site. This observation is different from that of Goldman and Rossman 
(1977) and Hawthorne et al. (1980), but is consistent with the observation that 
Fe2+, Mg, Mn in M4 is not a stable state in calc-amphibole of low temperature 
origin (Cameron, 1975).
Coupled substitution
Because of the complex composition of amphibole group minerals, a number of 
substitution mechanisms have been proposed for modeling the chemical variation and to 
maintain charge balance in amphibole by coupling cations that have different valence 
states. This is generally expressed as the relationships in compositionally simple end- 
members. Listed below are some common coupled substitutions that are derived from the 
ideal pure tremoiite as the starting end-member, which may control the chemical 
composition and charge balance in the actinolite (Table 4.4).
Table 4.4. Coupled substitutions in calcic amphibole
Equation Substitution
Tschermakite
aluminum Si + Mg = Al(IV) + Al(VI)
iron Si + Mg = AlflV) + Fe3+(VI)
chromium Si + Mg = AI(TV) + Cr(VI)
titanium 2Si + Mg = 2AI(IV) + Ti(VI)
Edenite □(A) + Si = Na(A) + AI(IV)
Hastingsite □(A) + Mg(VI) + 2Si = Na(A) + Fe3+(VI) + 2AI(IV)
Pargasite □(A) + Mg(VI) + 2Si = Na(A) + Al(VI) + 2A1(IV)
Richterite □(A) + Ca(M4) = Na(A) + Na(M4)
Riebeckite Ca(M4) + Mg(VI) = Na(M4) + Fe3+
Glaucophane Ca(M4) + Mg(VI) = Na(M4) + Al(VI)
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The chemical variation and charge balance in actinolite can also be accomplished by 
considering:
a. two charge deficiency cation sites: tetrahedral deficiency A1[V and B-site deficiency 
Na(M4);
b. two charge excess cation sites: octahedral excess (R3++2Ti4+)VI and A-site excess 
A.
These four components are the ground for the amphibole formula calculation 
scheme of Papike et al. (1974): A1IV + Na(M4) = (R3*+2Ti) + A. The analysis of these 
four components will provide important information on the substitution relationship 
among the cations and provide better understanding on the crystal chemistry of actinolite. 
Edenite substitution: Figure 4.6 shows a strong positive linear correlation between
AlIV and the A-site occupancy, and similar correlation for hornblende was observed by 
Blundy and Holland (1990) and Vyhnal et al. (1991). The regressed line in Fig. 4.6 has 
intercept at A l[V = 0, slope about 0.37, and correlation coefficient 0.9 for this trend. This 
indicates that strong edenite type substitution is involved in the actinolite from the very 
beginning of the chemical variation starting from the ideal tremoiite composition. It also 
demonstrates that only approximately 37% of the charge deficiency caused by Allv 
substituting for Si is balanced by A-site occupancy.
Tschermakite substitution: Attempting to relate A1IV with the excess charge raised
by R3+ and Ti in C-site is presented in Fig. 4.7, a scatter diagram of (R3*+2Ti)VI vs. A1IV, 
where R3+ includes AlVl, Cr3*, Fe3*. A weakly correlated positive relationship is shown 
in the diagram, but large scatter is also observed at low A1IV plotting area, which results 
in a poor correlation coefficient 0.45. The regressed line has an intercept at about A1IV =
0 and slope of 0.44. This implies that tschermakite substitution exists in the actinolite 
from the very beginning of the chemical variation, which should cover the left-over 
unbalanced tetrahedral charge deficiency after the edenite substitution. However, the 44% 
charge compensation for the A1IV charge deficiency implied from the slope of 0.44 is not
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enough to cover the 63% A1IV charge deficiency left after edenite substitution. In edenite 
substitution, A-site charge only balances about 37% of the charge deficiency caused by 
A1IV. This mismatch can be understood by studying the poorly regressed line equation in 
Fig. 4.7. Because of analytical difficulty, the more scattered low A1IV plots contain higher 
uncertainty than the high A1IV plots. By considering more statistical weight on the high 
A1IV plots, a new regressed line is drawn as a dashed line in the figure. This line starts 
approximately from the plotting system origin and follows the linear trend represented by 
the high A11V plots in the diagram. This reconstructed line has a slop of 0.72. Therefore, 
there is about 10% more of octahedral charge excess (R3++2Ti)VI after the A1IV charge 
deficiency is balanced.
Riebeckite/Glaucophane substitutions: Figure 4.8 is a scatter diagram of octahedral
charge excess (R3++2Ti)VI vs. B-site charge deficiency Na(M4). The data are mainly 
clustered in the region of Na(M4) 0.0-0.05 except for one plotted at Na(M4)=0.31. The 
correlation coefficient for the relationship between (R3++2Ti)VI and Na(M4) is 0.82 for 
the complete data set, and 0.61 for the clustered data only, which excludes the single high 
Na(M4) plot. The regressed line for the cluster has an intercept of 0.07 and slope of 1.86. 
This demonstrates that the B-site charge deficiency Na(M4), though normally less than 
0.05), is mainly compensated through the octahedral charge excess (R3++2Ti)VI. Or 
riebeckite/glaucophane substitutions govern the Na(M4) and Ca abundances in actinolite.
There is no other significant relationship existing among these four charge 
components. Figure 4.9a shows that there is no apparent correlation between A-site 
charge excess and the B-site charge deficiency Na(M4). The correlation coefficient for 
this plot is -0.14. Hence richterite substitution is not a significant factor in the chemical 
variation and charge balance of actinolite. The correlation coefficient for the relationship 
between B-site charge deficiency Na(M4) and the tetrahedral charge deficiency A1IV is 
0.04 (Fig. 4.9b). Therefore, the charge balance in the actinolite is maintained by the three 
linear independent coupled substitutions:
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a. Edenite substitution (Q(A) + Si = Na(A) + AI(IV)) represents about 30% of the 
total charge balance involved in the substitutions: A-site cation occupancy is 
strongly related to A1IV, and about 37% of the charge deficiency in tetrahedral site 
is compensated by A-site charge excess. This is about 30% of the total charge 
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Fig. 4.9. Scatter diagrams of site occupancy. No apparent relationships exist between: 
a. B-site charge deficiency Na(M4) and A-site charge excess; b. B-site deficiency
Na(M4) and tetrahedral deficiency (A1IV).
b. Tschermakite substitution (Si + Mg = Al(IV) + R^V T)) accounts for about 50% of 
the charge balance in the actinolite: The sum of octahedral trivalent cations and Ti 
relates to A1IV. Octahedral charge excess (R3++2Ti)VI compensates about 63% of 
the leftover tetrahedral charge deficiency, which is about 50% of the total charge 
deficiency in the substitutions.
c. Riebeckite/Glaucophane substitutions (Ca(M4) + Mg(VI) = Na(M4) + R3+(VI)) 
plays a 20% role in the chemical variation of the actinolite: The relationship 
between (R3++2Ti)VI and Na(M4) indicates that octahedral charge excess
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(R3++2Ti)VI compensates most of the B-site charge deficiency which has one-fifth 
magnitude of the total charge deficiency, 
d. Other substitutions listed in Table 4.4 are either not independent or are not
important in balancing the charge in the actinolite. Therefore are not important in 
casting the chemical variation of the actinolite.
The whole chemical variation in the actinolite is schematically demonstrated by the 
charge balance scheme in Fig. 4.10, which is composed of approximately 3 parts Edenite 
substitution, 5 parts of Tschermakite substitution, and 2 parts of Riebeckite/Glaucophane 
substitution.
Structural implication: These unique charge balance schemes of coupled
substitutions result from the crystal chemistry and structure of actinolite. In order to lower 
the electrostatic potential in the crystal structure, the occupancy in different sites in the 
structure tends to maintain the grand and the local charge balance. Figure 4.11 is a 
schematic polyhedral representation of actinolite structure (C2/m). In the structure, the 
silicon tetrahedra, linked by the comers (basal oxygen), form the (T4 O n) double chain 
along the c direction that is also the Z-axis of the mineral cell in the normal orientation. 
Two double chains join together with an interlayered octahedral strip that is formed by 
medium sized di-trivalent cations, apical oxygens of the double chains and hydroxyls. 
These two double chains intercalating an octahedral strip forms the basic modular unit of 
amphibole structure, the I-beam. The I-beams infinitely extend along the c-dimension, 
back to back join together by A and B-type cations along the a-dimension, and laterally 
link together in an alternative pattern by some C-type and the B-type cations along the b- 
dimension.
A-site occupancy is structurally related to the tetrahedral charge deficiency. The 
A-site is located at the big cavity formed by the back to back silica double chains of the 
adjacent I-beams. Around A-site, the ligands coordinated with A-site are twelve bridged 
oxygens, eight from T( 1) tetrahedra and four from T(2) tetrahedra. Because A1IV tends to
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Fig. 4.10. Schematic 
diagram of substitution 
scheme in actinolite
b
Fig. 4.11. Actinolite structure (C2/m) projected onto (100). The local charge 
balance derived from the cation correlation is further demonstrated by the close 











Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
86
fill the T(l) sites and T(2) is normally filled with Si (Papike et al., 1969; Robinson et al., 
1973; Bocchio et al., 1978), the tetrahedral charge deficiency is likely built up at this 
particular position. The charge compensation from around A-type cation can help the 
local charge balance. Therefore, it is reasonable that A-site occupancy is directly related 
to the tetrahedral charge deficiency or the number of A1IV as in edenite. However, as 
indicated by Fig. 4.6, A-A1IV, A-site cations only balance about 37% of the tetrahedral 
charge deficiency. The octahedral charge excess also plays a role in balancing the 
tetrahedral charge deficiency as that in tschermakite.
It also can be seen from the schematic diagram (Fig. 4.11) that the B-site charge 
deficiency in M(4) can be compensated by the octahedral charge excess from the trivalent 
cations in the adjacent M(2) site. Trivalent C-group cations such as Al, Fe3+, and Cr3+, as 
well Ti4* are preferentially occupying the M(2) site (Ungaretti et al., 1978; Hawthorne, 
1981). M(2) has a closer relationship with M(4) in that the number of edges shared by 
octahedra (M l, 2, 3) and the M(4) polyhedron is 2 for M(2), 1 for M (l), and zero for 
M(3). The less significant correlation coefficients for the relationships of Na(M4)- 
(R3++2Ti) and AlIV-(R3l‘+2Ti) than that for A-A1IV are because the octahedral charge 
excess accounts for balancing both the B-site charge deficiency and part of the tetrahedral 
charge deficiency. Therefore, the cation relationships observed between Na(M4) and 
(R3++Ti)(M2) in the actinolite are required by the local and grand charge balance.
The general relationships among C and T-type cations shown in Fig. 4.5 probably 
relate to the dimensional fit between the silica double chain and the octahedral stripe 
upon the chemical variation of the mineral due to tschermakite substitution. The chemical 
variation of the actinolite is in a pattern that tends to maintain the fit. This is similar to the 
case of chlorite. It has long be recognized that the grand mean bond-length in amphibole 
relates to the chemical composition of the mineral for both the tetrahedral double chain 
(Papike, 1969; Robinson et al., 1973) and the octahedral strip (Hawthonethe, 1981). Fit 
should be maintained along the b and c-dimensions of the structure. Tschermakite
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substitution results in the expansion of tetrahedral double chain because A1IV has a larger 
radius than that of the replaced Si. The tschermakite substitution also results in shrinkage 
of the octahedral strip because the trivalent cations (A1VI, Fe3*, Cr3*) are smaller than Mg 
in the octahedral replacement. The increase of Fe2* along with the trivalent cations will 
substantially relieve the misfit between the tetrahedral double chain and the octahedral 
strip because Fe2* is larger than Mg. Therefore, the negative correlations between Mg and 
other cations (except for Si and Ca) in the actinolite may be required by the dimension fit 
between the tetrahedral double chain and the octahedral strip.
Chemical relationship between actinolite and the host rock
The chemical diversity of the BGB actinolite mainly results from the chemical 
diversity of the bulk rock, though the chemical variation pattern of the mineral is more 
likely constrained by the structure of the mineral. The physical environment during the 
formation of the mineral did not play a significant roles in casting this chemical diversity 
and variation pattern because the minerals were formed under similar conditions.
The simple correlation analysis on the chemical components between actinolite 
and rock reveals that good correlations of corresponding AI2O3 , MgO, and XFeO (the 
FeO/(FeO+MgO) ratio) exist between actinolite and rock (Table 4.5). Table 4.5 also 
indicates apparent correlation between corresponding Si0 2 , Ti0 2 , Na2 0 , and K2O of 
actinolite and rock. All these relationships of the corresponding chemical components 
between actinolite and rock are positive except for Si0 2 , where the Si0 2  content of 
actinolite decreases with the Si0 2  of rock. However, among the major oxides, small 
absolute values of correlation coefficients are obtained for corresponding FeO and CaO 
between actinolite and rock. Nevertheless, the chemical composition of actinolite is 
strongly influenced by the bulk chemical composition of the host rock.
Figure 4.12 is the scatter diagram of the corresponding chemical components 
between actinolite and the host rock. Si0 2  of actinolite is associated with the Si0 2
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content of rock (Fig. 4.12a) in the only apparent negative correlation among the 
corresponding chemical components between actinolite and rock. The diagram implies 
that SiC>2 content in actinolite is not controlled by the rock SiC>2 . This is consistent with 
the fact that SiC>2 is saturated relative to actinolite in most of the rocks as indicated by 
coexisting quartz in the samples.
Table 4.5. Simple correlation coefficient matrix for the relationships between chemical 
components of BGB actinolite and the host rocks
Si02M Ti02M A1203M Cr203M FeOM MnOM MgOM CaOM Na20M K20M XFeM
Si02R -0.69 0.08 0.55 0.05 0.63 0.62 -0.64 -0.30 0.42 0.61 0.63
Ti02R -0.61 0.79 0.52 -0.12 0.70 0.42 -0.70 -0.64 0.60 0.43 0.69
A1203R -0.76 0.14 0.81 -0.15 0.65 0.59 -0.68 -0.31 0.51 0.67 0.66
CrR 0.78 -0.26 -0.66 0.03 -0.76 -0.61 0.76 0.44 -0.48 -0.53 -0.77
FeOR 0.30 0.23 -0.29 -0.09 -0.17 -0.20 0.19 -0.15 0.01 -0.48 -0.18
MnOR 0.35 0.20 -0.39 -0.09 -0.22 -0.25 0.24 -0.06 -0.13 -0.53 -0.22
MgOR 0.89 -0.29 -0.71 0.13 -0.86 -0.69 0.86 0.45 -0.52 -0.60 -0.87
CaOR 0.21 0.00 -0.42 0.04 -0.09 -0.39 0.11 0.16 -0.45 -0.52 -0.07
Na20R -0.81 0.15 0.75 -0.14 0.76 0.65 -0.77 -0.42 0.60 0.62 0.75
K20R -0.41 0.10 0.34 -0.16 0.25 0.59 -0.25 -0.05 0.28 0.75 0.25
XFeR -0.91 0.42 0.75 -0.23 0.89 0.80 -0.89 -0.62 0.72 0.64 0.88
R—rock M—mineral actinolite
The coefficients for corresponding chemical components between rock and actinolite are highlighted by the bold face letter.
The relationship between MgO contents of actinolite and the rock has the highest 
correlation coefficient (0.86, Table 4.5) among the corresponding oxides of actinolite and 
rock. Figure 4 .12b depicts that the relationship between MgO of actinolite and rock is not 
a simple linear. MgO of actinolite linearly increases from about 10 wt% (anhydrous 
basis) to about 22-23 wt% along with rock MgO from 0 wt% to about 26 wt%. The MgO 
of actinolite is saturated at 22-23 wt% that corresponds to about 4.5 Mg cations pfu (per 
formula unit). The saturation plateau has a similar pattern to that found in the relationship 
of chlorite and rock. This limit for maximum MgO in actinolite further demonstrates that 
Mg only occupies the five M l, M2, M3 sites, and normally there is no significant 
presence of Mg in the M4 site. The diagram also implies that ideal tremolite (Mg=5, 
Fe=0) is not common in silicate rock. Figure 4 .12b also shows that MgO of actinolite 
decreases to about 10 wt% when the MgO content of rock approaches to zero. This
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Fig. 4 .12abc. Scatter diagrams of corresponding S i02, MgO, and T i0 2 between rock and 
actinolite. a. S i02Rock vs. S i02Actjnolite, negative correlation; b. MgORock vs.
MgO Actinolite’ Positive correlation with MgO of actinolite saturated at about 22-23 wt%;
c. T i0 2 of rock and actinolite, the slope has a ratio of 0.1.
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implies a possible lower limit for MgO content of about 10 wt% in the actinolite in 
silicate rock, which is an equivalent of 2.5 Mg pfu, or half of the M l, M2, M3 sites.
The relationship between Ti0 2  of actinolite and that of rock has a correlation 
coefficient of 0.79 (Table 4.5). The scatter diagram (Fig. 4.12c) about this corresponding 
oxide supports this positive association, and the positive line starts approximately from 
the origin of the Cartesian system. A feature shown in this diagram is that the line 
representing this relationship has a slope about 0 . 1, or the increase of TiC>2 in actinolite is 
only about one-tenth of the increase in rock.
In Fig. 4.12d, actinolite AI2O3 shows strong correlation with the rock AI2O3 , and 
this positive linear trend approximately projects back to the origin of the plotting system. 
Because most A1 occupies the tetrahedral site in actinolite, Si in actinolite is actually 
controlled by the A1IV, hence SiC>2 of actinolite decreases with increasing rock AI2O3 . 
This in turn explains the negative Si02Act-Si02Rock relationship (Fig. 4.12a) since AI2O3 
is positively and highly correlated with SiC>2 in the rocks. The plot in Fig. 4.12d shows 
that AI2O3 in both the mineral and the rock changes from zero, but the increase of AI2O3 
in the mineral is only about one-tenth of that in the rock. This is a similar ratio observed 
in the Ti0 2  relationship (Fig. 4.12c).
Na2 0  in actinolite and rock (Fig. 4.12e) shows a simple correlation coefficient of 
0.65 (Table 4.5) for the relationship of this corresponding oxide. Correlation coefficient 
of 0.83 can be obtained for this relationship by excluding the single dacitic sample that 
significantly deviates from the plotting trend. The plots form a positive scatter line that 
approximately extents from the origin of the plotting system. The ratio of Na2 0  in 
actinolite to that in rock is about 0 .1, which is approximately the same as the ratio 
obtained from the corresponding AJ2O3 andTi0 2  between actinolite and rock.
The K2O of actinolite is associated with the K2O of rock as indicated by the 
correlation coefficient 0.75 (Table 4.5). However, the scatter diagram of this oxide 
between actinolite and rock do not define a clear association (Fig. 4 .12f). The less
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significant correlation for this oxide between the mineral and rock is again partly due to 
analytical difficulty as the content of K2O in actinolite is at the level below 0.14 wt%. 
The ratio of K20 in actinolite to that in host rock is about 0.02.
Figure 4 .12g confirms that there is no apparent correlation between actinolite FeO 
and rock FeO, as indicated by the -0.172 correlation coefficient (Table 4.5) for the 
corresponding oxide between actinolite and rock. FeO of actinolite is not directly 
controlled by the oxide in the rock. This is further evidenced by the fact that iron is 
saturated relative to actinolite because most of the rocks contains magnetite.
MnO in actinolite and rock has a small absolute value of correlation coefficient, 
-0.253, Table 4.5. However, the plotting for this oxide reveals clear correlation between 
the mineral and specific rock lithology (Fig. 4.12h). The plots for dacitic samples form a 
positive line with a steep slope in the upper part of the diagram, the plots for basaltic 
samples form another positive line with a slightly gentler slope at the lower part, the plots 
for the cumulates and komatiitic samples form an almost horizontal line at the bottom. 
This rock type related MnO variation pattern suggests that the MnO content in actinolite 
is positively related to the rock MnO, but also is largely controlled by the coexisting 
minerals in the rock.
Figure 4.12i shows CaO of actinolite is not associated with the CaO of rock. CaO 
of actinolite is relatively constant, and ranges mainly around 12.5-13.5 wt% among the 
analyzed 36 actinolite. The fact that the majority of the actinolite has 1.95-2.00 Ca pfu in 
rocks with CaO from 0.5 to over 16 wt% demonstrates that the M4 site of actinolite is 
very rigid and has a strong preference for Ca, further supporting that Mg and other 
cations do not commonly occupy the M4 site in actinolite.
Figure 4 .12j presents the relationship of the XFeO (FeO/(FeO+MgO)) ratio 
between actinolite and rock. This clearly indicates a strong correlation between the ratio 
in the rock and actinolite, though the XFeO ratio in actinolite has also been considered to 
be related to the formation temperature of the mineral (Wiseman, 1934; Kuniyoshi and
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Liou, 1976). The positive trend is curved and slightly departs from the 1:1 line. The BGB 
actinolite data indicates that there is no correlation between the FeO contents of actinolite 
and rock while MgO of actinolite is strongly related to the MgO content of rock. 
Therefore, like the case of BGB chlorite, the MgO of rock probably plays a more 
important role than the ratio of rock in casting the XFeO ratio in the mineral.
The chemical composition of the BGB actinolite is strongly influenced by the 
bulk chemical composition of the host rock:
a. MgO, AI2O3 , and Na^O of actinolite clearly increase with the corresponding oxides 
of rock.
b. The minimum MgO of the actinolite is about 10 wt% in the rock that has MgO near 
zero wt%; and the MgO of the mineral is saturated at about 23 wt% in rocks that 
have over 26 wt% MgO. This MgO composition span represents a range of 
approximately 2.5 to 4.5 Mg pfu.
c. The increase of AI2O3, Ti0 2 , and Na2 0  in actinolite is one tenth of the increase in 
the rock.
d. Si0 2  of actinolite is probably controlled by AI2O3 of rock that influences the 
abundance of A11V in the mineral.
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Chemical equilibrium between coexisting actinolite and chlorite
Actinolite and chlorite are the two most important metamorphic Fe-Mg mineral 
phases in the mafic and dacitic rock samples, and they appear petrographically to be 
equilibrated with each other. Cation distribution among these two minerals might be a 
factor in the chemical variation patterns of the two minerals.
Both minerals saturate with MgO in the rocks that has above 26 wt% MgO. This 
implies that the occurrence of serpentine and talc in the high MgO rocks may play a role 
in limiting the MgO content in actinolite and chlorite. FeO contents in both minerals, 
though no association with the rock FeO, have similar chemical variation pattern along 
with the FeO of rock. This demonstrates a similar FeO control mechanism for both 
minerals: the MgO of rock through the Fe-Mg substitution in the minerals. Therefore, the 
same mechanism that influences the chemical compositions of the two minerals is 
imposed by the bulk chemical composition of rock.
Figure 4.13 presents the scatter diagrams of the corresponding oxides and oxide 
ratio between actinolite and chlorite. In Fig. 4.13a, FeO content in the two minerals are 
strongly correlated with each other with a positive linear relationship. The FeO in chlorite 
increases more than twice amount of that in actinolite along with rock FeO. A similar 
pattern is observed in Fig. 4.13b for MgO in the two minerals. Again, the MgO variation 
of chlorite along with rock is more than twice the magnitude of that in actinolite. The 
twice magnitude variation of MgO and FeO in chlorite relative to that in actinolite is 
because 12 of the total 20 cation positions in chlorite can be occupied by Fe and Mg in 
the structure, but only 5 of the total 15 to 16 cation positions are for Fe and Mg in 
actinolite, which imposes an approximately 2:1 ratio.
The XFe2+ (Fe2+/(Fe2++Mg) ratio in the two minerals is plotted in Fig. 4.13c. 
Higher XFe2+ ratio in chlorite than that in actinolite is revealed in the figure, which is not 
resulted from Fe2+/Fe3+ partitioning calculation of actinolite. A similar pattern, but
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Fig. 4.13. Scatter diagrams of corresponding chemical components between actinolite 
(Act) and chlorite (Chi) show positive linear relationship between Act and Chi: a.
FeO contents; b. MgO contents; c. XFe2+ ratio (XFe2+ = Fe2+/(Fe2++Mg)), actinolite 
has higher XFe2+ than Chi.
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significantly higher XFe2+ for actinolite, was observed by Laird (1980, figure 4). This 
difference probably relates to the different type of tschermakite substitutions in the two 
minerals. In chlorite, A1VI is the predominant octahedral trivalent cation, but in actinolite, 
Fe3*, Cr, Ti also are important components relative to A1VI in octahedral sites. It has been 
demonstrated in a previous section and in Chapter 2 and 3 that the substitutions in 
octahedral sites in both minerals are controlled by the fit of octahedral and tetrahedral 
structural units. This cation ratio difference in actinolite and chlorite can be understood if 
the fit along b and c dimensions between the tetrahedral double chain and the octahedral 
strip in the actinolite I-beam is a factor for the chemical variation of the mineral. The 
higher XFe2+ ratio in chlorite octahedra is necessary to compensate the dimension misfit 
caused by A1IV in tetrahedral site and A1VI in octahedral site of chlorite, and the lower 
XFe2+ in actinolite is because less Fe2+ is needed to compensate the larger Fe3+ and other 
octahedral cations relative to A1VI in the case of chlorite.
Implication on amphibole geothermobarometry
It is shown in this study that the chemical composition of actinolite is influenced 
by the chemical composition of the host rock. MgO, AI2O3 , and Na2 0  clearly increase 
with the corresponding oxides in the rock. It is also demonstrated that the chemical 
variation pattern of the actinolite, 3 edenite-5 tschermakite-2 riebeckite/glaucophane. is 
constrained by the structure of the mineral. This bulk rock chemical effect may also be 
suggested for the chemical composition of hornblende. Therefore, it may generate certain 
bias if geothermometers related to Allv or edenite component (NaCJ_i)A(AlSi_i) in 
amphibole (e.g. Bard, 1970; Spear, 1980; Plyusnina, 1982; Blundy and Holland, 1990; 
Triboulet, 1992) are applied to diverse sample types.
Influences of rock AI2 O3 and Na2 0  on the Na(A) and Allv of amphibole should 
be evaluated before applying the geothermometers to rock types other than those used for 
the original calibration. In this study, the AI2O3 and Na2<D of actinolite increase at a rate
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one tenth of that of the rock. The chemical range of the ultramafic and dacitic rocks in 
this study is about 0-18 wt% of AI2O3 and 0 - 8  wt% of Na2 0 , and the number of cations 
pfu in actinolite ranges up to 0.25 for A1IV, 0.29 for XA1, and 0.09 for Na(A). This will 
result about 10-40 °C increase in the temperature estimation for the dacitic rock 
compared to the ultramafic rock, and is within the uncertainty range of the 
geothermometers. Therefore, the chemical influence imposed by the bulk rock chemistry 
is clear but not significant for the temperature estimation.
Because of the strong positive correlation between AI2O3 contents of amphibole 
and rock, geobarometers based on £A1 or tschermakite substitution (e.g. Hammarstrom 
and Zen, 1986; Hollister et al., 1987; Johnson and Rutherford, 1989; Vyhnal et al., 1991) 
will give about 1.5 kb higher estimated pressure for the dacitic rock than that for the 
ultramafic rock based on these geobarometers. This is a relatively significant value for the 
estimation of low pressure environments, therefore caution should be taken in applying 
the geobarometers to rock types other than the type from which the geobarometers were 
calibrated, and the mineral assemblage requirements proposed by the authors for applying 
the geobarometers should provide appropriate application limitation.
4.5 Summary and Conclusions
Actinolite formed under similar conditions shows that its chemical composition is 
strongly influenced by the bulk chemical composition of the host rock, and the chemical 
composition variation pattern of the mineral is further constrained by the mineral 
structure.
The major cations in the actinolite are more or less correlated with each other. Mg 
is positively associated with Si, but is negatively correlated with most of other major 
cations. The total Al clearly increases with Fe2+ in actinolite, a similar pattern as that in 
chlorite, which implies that the same structural rule is governing actinolite: this 
relationship is required to reduce the dimension misfit between the tetrahedral and
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octahedral strips due to chemical variation of actinolite. The plots of Mg vs. £(other 
octahedral cations) forms a perfect negative 1:1 line with both trajectories at 5.00. This 
indicates that the substitution in octahedral site (M l, M2, M3) is clearly represented by 
Mg vs. other octahedral cations, and these cations normally do not occupy the M4 site of 
actinolite.
Simple correlation analysis and binary scatter diagram plotting reveal that the 
composition variation pattern of the actinolite can be represented by 3 parts of edenite 
substitution-5 parts of tschermakite substitution-2 parts of riebeckite/glaucophane 
substitutions. And these relationships are consistent with the structure of actinolite 
(Cm/2). In edenite substitution, the strong correlation between A-site occupancy and Altv 
is the result of local charge balance, which reduces the electrostatic potential in the 
structure. Eight of the twelve oxygens around the A-site are from T1 tetrahedra that are 
more likely occupied by A1IV. The correlation between Na(M4) and octahedral trivalent 
cations implies that riebeckite/glaucophane substitution is an important component in 
controlling the chemical variation of the actinolite. The fact that the B-site (Na(M4)) 
shares two edges with M(2), the trivalent cation oriented site, also helps maintain the 
local charge balance.
The chemical diversity of the actinolite results from the host rock, though the 
variation pattern of the mineral is casted mainly by the structural constraint of the 
mineral. The chemical components of actinolite show strong correlation with the MgO of 
rock. MgO of actinolite is saturated at about 23 wt% in rocks that have MgO above 26 
wt%, and the mineral has a lower limit of about 10 wt% MgO. This is a span about 2.5-
4.5 Mg pfu in rocks that have MgO between 1.6-36 wt%. Good correlations also exist 
between the corresponding AI2 O3 and Na2 0  in the mineral and the rock. These 
correlations play an important role in constraining the abundance of Si in the mineral and 
in casting the negative relationship between Si0 2  contents in actinolite and rock.
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Actinolite shows similar chemical variation controlled by bulk rock chemistry as 
seen in chlorite, and this further indicates that both minerals are influenced by a similar 
mechanism. The slightly higher XFeO for actinolite than that for chlorite can be related to 
the structural factor, the requirement to maintain the fit between the silica double chain 
and the octahedral strip.
Amphibole composition geothermobarometers should be applied with caution.
Both the host rock and the structure of amphibole play roles in influencing the chemical 
composition of the mineral, including Allv and A sit occupancy, which are often used in 
the construction of geothermobarometers. It is more reliable to apply the 
geothermobarometer to rocks similar to those used for calibrate the geothermobarometer.
For BGB actinolites from ultramafic to dacitic rocks the potential error is 10-40 °C and
1.5 kb for estimated temperature and pressure.
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CHAPTER 5. THE EFFECT OF PRESSURE ON NA-K 
GEOTHERMOMETRY: THEORETICAL CONSIDERATIONS
5.1 Introduction
Estimating the temperature of underground natural waters is important for water- 
mineral interaction research and geothermal field exploration. Some geophysical methods 
can be used to directly measure the temperature in deep natural water systems. However, in 
many cases, the physical methods are not available or can not be used to extract temperature 
information about the depth. Because of its simplicity, economy, and convenience, the 
chemical geothermometer has been of interest to people since the 1960s (e.g. Morey et al., 
1962; Fournier and Rowe, 1966; Fournier and Truesdell, 1973; Shikazono, 1976; Ellis, 
1979; Marini et al., 1986; Pope et al., 1987; Giggenbach, 1988; Chiodini et al., 1991).
It has been demonstrated by many investigators that the concentrations of certain 
chemical species in natural water systems are indicators of the maximum temperature at 
depth where the last equilibrium between the natural water and the mineral phases has been 
reached (Fournier and Rowe, 1966; Reed and Spycher, 1984; Chiodini et al., 1991). The 
basic assumption is that the record of the latest equilibrium between the water and minerals 
at depth has been preserved in the springs or samples from boreholes because the rapid 
ascent of the solution does not allow reequilibration. Hence water chemistry can be used as 
an indicator for deep systems. As common mineral phases in the upper crust, feldspars 
have been intensively investigated in natural water systems, and Na-K, and Na-K-Ca 
geothermometers have been widely applied. However, chemical geothermometers still are 
the most poorly calibrated thermometers because of many uncertainties. One of the 
questions is the justification of the assumption that the pressure factor is negligible to 
equilibrium constant (K) in construction of the geothermometers. Some investigators, e.g. 
Helgeson (1969), believe that this assumption is adequate at temperatures below 300°C. 
Other workers, e.g. Ragnarsdottir and Walther (1983), argue that the pressure factor may
101
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be significant to some geothermometers. In this study, we will investigate the magnitude of 
the pressure factor on Na-K geothermometry.
5.2 Sampling of natural waters
Two basic problems that must be faced in understanding the ascent of solutions 
from deep reservoirs are the deviation from original equilibrium conditions and the mass 
loss due to steam separation. The first problem is too complicated to be completely solved 
at present, therefore certain approximations and assumptions are conventionally accepted.
The second problem is related to the cooling models.
The models for cooling of natural water are theoretically treated as conductive 
cooling ascent and adiabatic cooling ascent. In the conductive cooling model heat is lost to 
the wall rocks, little steam is lost, and chemical species concentrations in the water do not 
change greatly. The adiabatic cooling model does not include loss of heat to the wall rock, 
but rather steam separation, which results in a change of species concentrations in the 
water. The adiabatic process can be considered as two extreme situations, the reversible 
with constant entropy and the irreversible at constant enthalpy. The irreversible adiabatic 
cooling involves a larger substantial increase of concentrations of the non-volatile species 
than the reversible cooling (Fournier and Rowe, 1966).
Unlike silica and Na-K-Ca geothermometers, the Na-K geothermometer employs 
the ratio of Na/K ions rather than concentrations of individual chemical species, and 
therefore, is much less affected by the cooling process.
5.3 Thermodynamic considerations
Na and K concentrations and ratios are generally considered to be controlled by the 
equilibrium between the water and the alkali feldspars (e.g. White, 1967; Ellis, 1979). The 
equilibrium can be expressed as Na-K exchange reaction between alkali feldspar end- 
members
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K+ + Na-feldspar(Ab) = Na+ + K-feldspar(Kf) ......(1)
K  =  &Kfa Na+ ! a A6a K+
^ x .\bm K i ^ a:/7k t )  (2)
= (&Kf t  ̂fnK+)(Yua+  ̂^K+)
where K is the equilibrium constant, a  is activity, y and X are activity coefficients, x  is the
mole fraction for solid phases and m is chemical concentration in molality.
Assume that we are dealing with pure solid phases Kf and Ab, so (a Kf / a Ah) = 1.
Equation (2), hence, can be reduced to
K = (m Na+/m K+)(yNa+/YK+)  (3)
First, let us consider the situation that does not include pressure as a variable in 
constructing Na-K geothermometer. According to the Gibbs-Helmholtz equation
[3(A G /T)/3T]p = -AH/T2  (4)
we have the expression of van't Hoff equation
O ln K /8 T )p = AHr /R T 2
or
(3lnK /3(l/T ))p = -AHr°/R  (5)
where AHr° is the change of enthalpy of reaction at standard state, and R is the gas 
constant. From the equation, InK is a function of ( l/T) and AHr°, and AHr° also is a 
function of T, which is connected through heat capacity(Cp):
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aH = Cp0T  (6 )
and
Cp = aj + bjT + q/T2  (Maier-Kelley equation)  (7)
where a;, b;, Cj are Maier-Kelley coefficients for species i. Combining (6 ) and (7), and 
integrating, we have
H; = t + OjT + bjT2/2 - c/T   (8)
where t is a constant of integration. Thus, the enthalpy change of the reaction at constant 
pressure and interest temperature is
AHr° = 0 + AarT + AbrT2/2 - Ac/T  (9)
where 0 is a constant of integration. Substituting (9) into (5), we have
InKp = a  -0/RT - (Aa/R)lnT + (Ab,/2R)T + (Acr/2RT‘2)  (10)
where a  is a constant of integration. Equation (10) is a general form where InK is 
expressed as a function of temperature. The aj, bj, c; parameters can be derived from 
experimental data (e.g. Helgeson, 1978, Rovie et al., 1978). For the purpose of 
theoretically understanding the effect of pressure on the relation of InK-l/T, we adopt the 
regression results of InK-l/T by Amorsson et al. (1982) from the data of Helgeson (1978,
1969):
Kf (Microcline) + 8H20  = K+ + Al(OH)4- + 3H4S i0 4° ....... (11)
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logKKf= 44.55-0.0498T-19883/T+1214019/T2  (12)
Ab (low albite) + 8H20  = Na+ + Al(OH)4'  + 3H4S i0 4°  (13)
logKAb = 36.83-0.0439T-16474/T+1004631/T2  (14)
The lnK-( 1/T) function of Na-K exchange reaction (1)
K+ + Na-feldspar(Ab) = Na+ + K-feldspar(Kf) 
can be derived from ( l3)-( 1 1), and
logK(Ab-Kf) = IogK^T) = -7.72 + 0.0059T + 3409/T - 209388/T2  (15)
combining with equation (3), we get our Na-K geothermometer at 1 bar
log((mNa+/m K+)(YNa+/yK+)) = -7.72 + 0.0059T + 3409/T - 209388/T2
 ( 16)
y factors are calculated from the Debye-Hiickel equation.
Now, let us consider the pressure influence on the value of the equilibrium 
constant, which in turn affects the calculated result of equilibrium temperature at interest 
temperature, then AT = 0. At equilibrium, AGr° = -RTlnK, or
InK = -AGr° / R T   (17)
at AT = 0, differentiating (17) to P, we get
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(3lnK/3P)x = -(l/RT)(3Gr°/3P)x (IB)
according to the Maxwell relation
(3Gr°/3P)x = AV r° (19)
therefore
(31nK/3P)r = -AVr°/RT (20)
By integrating (20), we get the following InK-P relation
lnK2 = InKi - (AVr°/RT)(P2 -Pi) (2 1 )
where K] is the equilibrium constant at reference pressure, and K2 is the value at interest 
pressure, AVr° is the volume difference between the products and the reactants, Pj is the 
reference pressure, and P2 is the interest equilibrium pressure.
For the Na-K exchange reaction
In the temperature range of interest, assuming that (V°Kf - V°Ab) is constant with 
temperature will not cause serious problem. This can be verified from the coefficients of 
compressibility for albite 2.02 x 10’6 b a r 1 and microcline 1.92 x I O'6 b a r 1 (Clark et al., 
1966) and from the experimental data of Martin (Smith, 1974). The molal volumes of albite 
and microcline can be calculated from the density data. The densities of Kf and Ab are
(22 )
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pAb = 2.62 g/cm3 and pKf= 2.55 g/cm3 (Klein and Hurlbut, 1985)
we get
(V°Kf - V°Ab) = 9.064 X 10-6 m3/mo!e
(a similar value of 8.65 x 10-6 can result from the data listed by Robie et al. (1978))
The conventional partial molal volume data of Na+ and K+ in water at the 
temperatures of interest (Millero, 1972) are used in the calculation.
Finally, the lnK2-(T, P) relation can be expressed as
io g /^ /^ io g K .tr ,/3.)- (9.064 + U°nu + -V°k+)(P -  Pi)10~‘m3 • bar
2.303 x 8.314(7 / K ■ mol)T{K)
 (23)
and the geothermometer with T and P as variables is
log((m Na+/m  K+)(yNa+/yK+))(T,P) = -7.72 + 0.0059T + 3409/T - 209388/T2
- (9.06+V°Na+ - V?°K+)(P -P i) 10'*/(2.303 x 8.314T)
 (24)
where T is in degrees K, P is in bars, and volume is in m3/mol.
5.4 Partial molal volume data
The partial molal volume of ions in natural waters is dependent on temperature, 
pressure, and ionic strength of the solution, and is a function of ionic size and charge (e.g. 
Millero, 1971). Most values for ionic partial molal volumes are normally derived from the 
partial molal volumes of electrolytes, which are deduced from Debye-Hiickel theory of
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interionic attraction or the Masson empirical equation from the apparent molal volume of the 
electrolytes measured by the density methods (Millero, 1971). However, the most reliable 
results are obtained from very low concentration solution extrapolated by the Redlich and 
Rosenfeld equation, a derivative of the Debye-Hiickel equation. A number of partial molal 
volume data for ions at infinite dilution and concentrated solutions have been tabulated by 
some researchers (e.g. Millero, 1972, 1982; Ellis and McFadden, 1972). A few of these 
data were acquired at a temperature range from 0 to 200°C and at a pressure of 20 bar, 
though many others were only measured at 25°C.
Four ionic partial molal volume data sets are listed in Table 5.1. The data in the 
second column was evaluated and compiled by Millero in 1972; the Ellis and McFadden 
(1972) data in column 3 were values for the ions in hydrothermal solutions, and were 
assigned on the basis of chloride ion of 23.5 cm3/mole at 25°C; the column 4 and 5 contain
Table 5.1 Ionic partial molal volume data for Na+ and K+ (cm3/mol)
T V N a + V K + V N a+  V K + V N a+  V K + V N a+  V K + A V (N a -K ) A V (N a-K ) A V (N a -K ) A V (N a -K )
(° C ) M illero72 Ellis72 Mill82dilu M ill82sea M illero72 Ellis72 M ill82dilu M ill82sea
0 -3.51 7 .2 -8 .4 1.9 -3 .46 7 .2 6 -1 .9 8 .73 -10 .6 8 -10.3 -1 0 .7 2 -10 .63
5 -2 .93 7 .6 9 -1 .55 8 .97 -1 0 .62 -1 0 .52
10 -2 .44 8 .08 -1 .25 9 .1 8 -1 0 .52 -10 .43
15 -1 .99 8 .43 -1 .02 9 .3 5 -1 0 .42 -10 .37
20 -1 .58 8 .75 -0 .84 9 .5 -10 .33 -1 0 .34
25 -1.21 9 -6.9 3 .4 -1.21 9 .03 -0 .72 9.61 -10 .23 -10.3 -1 0 .2 4 -10 .33
30 -0 .88 9 .2 7 -10 .15
35 -0 .58 9 .4 8 -10 .06
4 0 -0 .32 9 .6 5 -9 .97
45 - 0.1 9 .7 8 -9 .88
50 -0 .3 9 .6 -5.8 3 .7 0 .08 9 .8 8 -9 .87 -9.5 -9 .8
75 0 .8 10 -5.8 3.5 -9 .5 -9.3
100 0 .8 9 .5 -7 .2 1.9 -8 .7 -9.1
125 0 .9 9 .4 -8 0 .5 -8 .5 -8.5
150 1.2 9 .3 -9 .6 -1.5 -8.1 -8.1
175 0 .5 7 .8 -12 -4 .7 -7 .3 -7.3
200 -0.1 7 .3 -15.6 -8 .2 -7 .4 -7 .4
225* -21 -13 -8
250* -29 -19 -10
*— extrapolated Dashed line outlines the most available data under 25°C
Miltero72 — conventional ionic partial molal volume extrapolated to infinite dilution (Millero. 1972)
Ellis72 — ionic partial molal volume in hydrothermal solution (Ellis and McFadden. 1972)
Mill82dilu — conventional ionic partial molal volume extrapolated to infinite dilution (Millero. 1982)
Mill82sea — conventional ionic partial molal volume in seawater (S=35%o)
(mainly from Willey, 1974; and Poisson and Chanu. 1975).
updated data that are thought to be the most reliable values for ions in dilutions and 
seawater at 0 to 50°C, and the values for ions in dilutions are quite similar to that in column
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2 of Millero (1972). However, as we can see from Table 5.1, large discrepancies in the 
results of partial molal volume of ion still exist. For V°Na+ in concentrated solution at
25°C, Ellis and McFadden (1972) gave -6.9 cm3/mol while Millero (1982) got -0.72 
cm3/mol. A major problem in determining the ionic partial molal volumes is in assigning 
the volume of hydrogen ion (H+), which is frequently the ion that is adjusted or estimated 
by various methods in the calculation of ionic partial molal volume (Millero, 1971):
Vro(ion) = K°(con) + ZV°(H +) (for cations)
where V°(ion) is the true absolute partial molal volume of an ion, V°(con) is the 
conventional partial molal volume of the ion, Z is the charge of the ion, and V°(H+) is the 
absolute volume of hydrogen ion. A convenient way to avoid this complexity is to use the 
conventional partial molal volumes that are based on the assignment of hydrogen ion 
volume a value of zero (Owen and Brinkley, 1941). This convention is accepted by many 
researchers (e.g. Millero, 1971), and is specially reasonable in this study because we are 
only interested in the volume change (A V°Na K) in the ion exchange reaction in our
consideration of pressure effect on the Na-K geothermometer.
In this ion exchange reaction, the net ionic volume change is mainly contributed by 
the difference of ( V°Na+ - and most of the factors that affect the individual ionic
partial molal volume value can be largely reduced by this cancellation in the calculation of 
A V°Na K since V°Na+ and V°K+ are the same order of magnitude (Table 5.1). For this
reason, the pressure effect, or the change of compressibility (AP) effect, on the change of 
volume difference ( V°Na+ - y °K+) at the temperature range of interest can be neglected
(e.g. Millero, 1982; Ellis and McFadden, 1972). The change of compressibility (AP) in the 
reacuon is also thought to be of second-order importance on the change of volume 
difference by Ellis and McFadden, 1972. The ion concentradon effect on partial molal 
volume, though a complex problem, is also reduced by this consideration. As we can see
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from Table 5.1, the net differences of A V°Na_K in infinite dilutions, hydrothermal solution, 
and concentrated solution at 25°C where experimental data are available, are very close to 
each other, though the same individual ion sizes have much bigger differences between 
different solution data (Table 5.1). Hence the only important factor in calculating A 7 ° Na.K
is temperature.
Here, we use the conventional ionic partial molal volume data compiled by Millero 
(1972) in the discussion because these data cover a wider temperature range and are well 
evaluated. They are also similar to the only other data that have a wide temperature range- 
the Ellis' data in Table 5.1. The data, ranging from 0° to 70°C, were mainly from Dunn 
(1968) and were extrapolated to infinite dilution by Redlich and Rosenfeld's equation; data 
above 70°C came from the experimental results of Ellis (1966, 1968) and Ellis and 
McFadden (1968) and extrapolated to infinite dilution by Masson's equation. The general 
precision for the data is about 0.1 cm3/mole for data below 70°C, and 0.6 cm3/mole for the 
data above 70°C (Millero, 1972).
In order to incorporate the temperature effect on the partial molal volume, the 
regressed equations of partial molal volume of Na+ and K+ with temperature are used here 
in the calculation of pressure effect on the geothermometer, and the results are shown in 
Fig. 5 .1 and Table 5.2. Unlike the original data, the regressed results of Millero (1972) 
data are not consistent with that of Ellis and McFadden (1972) data at high temperature.
This is due to the discrepancies between the two extrapolated values for 225° and 250°C in 
Ellis and McFadden’s original data (Table 5.1) and the regressed results from them (Table 
5.2). Caution should be taken when applying the regressed volume data to temperatures 
higher than 250°C because the relationship between partial molal volume of ion and 
temperature is not clear due to the complexity of ion-solvent and ion-ion interactions. This 
is clearly seen in Table 5.2 where the consistency between the different data sets is much 
less for the values extrapolated to higher temperature.
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Table 5.2 Regressed partial molal volume data 
(cm3/mol)
T A V (N a -K ) A V (N a-K ) A V (N a-K ) A V (N a -K )
(°C ) M illero72* Ellis72 M illero82dilu M illero82sea
0 D -1 0 .7 4 D -10.91 D -10 .72 D -10 .63
5 -1 0 .6 4 -10 .73 D -10 .62 D -10 .52
10 -1 0 .5 4 -10 .57 D -10 .52 D -10 .43
15 -10 .4 5 -1 0 .40 D -10 .43 D -10 .37
20 -10 .3 5 -10 .25 D -10.33 D -1 0 .34
25 D -1 0 .2 6 D -10 .10 D -10 .24 D -10 .33"To
-9 .95 D -10 .15 -10 .35
35 -10 .07 -9.81 D -10 .06 -10 .40
40 -9 .9 7 -9 .68 D -9 .97
45 -9 .88 -9 .55 D -9 .88
50 D -9 .79 D -9 .42 D -9 .80
75 D -9 .33 D -8 .89 -9 .40
100 D -8 .88 D -8 .48 -9 .05
125 D -8 .45 D -8 .22
150 D -8 .0 2 D -8 .08
175 D -7.61 D -8 .09
200 D -7.21 D -8 .22
225 -6 .8 2 -8 .50
250 -6 .4 4 -8.91
*— see Table 1 for denotations 
D— experimental data available
V (K +) =  -2 .649  x lO -T 2 +  0 .195T - 25.819 R2 =  0.89
10 -
Ff 5
V (N a+) =  -2 .739 x i a 4T 2 +  0.219T  - 42.533 =  0.97
100 150 200
T(°C)
Fig. 5.1 Variation in conventional partial molal volumes of aqueous K+ and Na+ 
with temperature (Millero, 1972). The molal volume difference of K+ and Na+ 
shows a regular decrease with temperature, though the molal volumes of 
individual cations have more complex variation patterns with temperature.
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5.5 Sample Solution Data
In order to evaluate the pressure effect on this Na-K exchange geothermometer, 
solutions that are equilibrated with albite and microcline at known temperatures are needed. 
Pope et al. (1987) conducted a series of experiments to investigate the possible effect of 
fluid compositions on some standard geothermometers, including the Na-K 
geothermometer. The experiments were carried out at 1000 bar, and a temperature range of 
373K to 773K, water/rock ratio 5 to 6 , and duration of the experiments from 12 to 130
Table 5.3 Sample solution data (from 
Pope et al., 1987)
Sample Pope Na K Ca S i0 2 Cl- HC03-
1 RR4 2313 111 12 310 3545 -
2 RR13 1983 57 18 162 3545 -
3 RR16 1724 260 0 .6 935 3545 -
4 RR19 2069 87 16 379 3545 -
5 RR20 242 14 0 .6 453 - 610
6 RR22 195 21 - 828 - 610
7 RR24 2118 314 - 1017 3545 -
8 RR25 2257 245 1.1 875 3545 -
9 RR26 225 8 0 .2 362 - 610
10 RR27 224 7 0 .2 406 - 610
—Pressure for all experiments was 1000 bar. 
—Concentrations are given in parts per million.
days. The experimental sample was a rhyolite from the Presidio Bolson area of West 
Texas. The experimental method consisted of interacting the rock sample with NaCl and 
NaHC0 3  solutions (Table 5.3).
There are two potential problems with the data: (1). was equilibrium between the 
minerals and the solution had really been reached, and (2 ). were the fluids used in the 
experiments causing any problems? This may not be important in our discussion because 
we are mainly interested in comparing the calculated equilibrium temperatures with and 
without considering pressure factor.
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5.6 Results and Discussion
Because both of the T and P are treated as variables, and the Debye-Hiickel 
parameters and partial molal volumes are dependent on temperature, the whole calculation 
procedure is carried out by an iteration method among variables and equations.
The calculations start with one bar pressure, and the initial temperature estimation is 
directly computed from the activities of ions in solution by equation (15). Activity 
coefficients for Na+ and K+ are calculated from the extended Debye-Hiickel equation:
 (25 )
where a] and b° are coefficients from Truesdell and Jones (1974); A and B are derived 
from Helgeson et al. (1981); Zj is the ionic charge; and the ionic strength (I) is calculated 
from:
1 = ^ 1 0 1 ^ 2   (26)
The temperature, temperature-dependent Debye-Hiickel coefficients (A and B), and the 
ionic strength (I) are iteratively calculated.
The general form of the geothermometer without considering pressure effect 
(equation (15)) is in polynomial formulation, which can mathematically be changed to the 
form
f(T) = 0.0059T3 - (logK + 7.72)T2 + 3490T - 209388 = 0  (27)
and the derivative of (27) to T
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f(T) = 0.0177T2 - (21ogK + 15.44)T + 3409
1 14
(28)
The root of T is solved by the Newton-Raphson iterative method.
The temperature at one bar is then used to calculate the pressure contribution to the 
equilibrium constant item by equation (24), which can be separated into two terms to be 
solved, the log Kx (T, P{) at one bar from equation (28) and the pressure term in equation 
(24):
(9.064 + V° Na + -V °  k+)(P -  />i)10~l m3 • bar
2.303 x 8.314(/ / K ■ mol)T(K)
The new value of equilibrium constant K that considers the pressure effect is fed back for 
new calculation of equilibrium temperature. This is repeated until the calculated temperature 
difference between iterations is less than an assigned negligible value. The real root field 
for equilibrium temperature has been limited within 300 K to 650 K, which is a reasonable 
range for the conducted experiments. Out of this range, the root is assigned a value of 1 to 
indicate the inadequacy of the result.
The calculated results are shown in Table 5.4 (the FORTRAN77 program codes are 
listed in section 5.7). A comparison of experiment temperature and calculated temperatures 
is presented in Table 5.5. The calculated temperatures are systematically lower than the 
experimental temperatures by about 36°C except for the one conducted at 100°C (sample 2), 
but slightly higher than the calculated results of Pope et al. (1987) by the Na-K 
geothermometer calibrated by White (1970). The difference between their calculated 
temperatures and our results is mainly due to different derivatives of Na-K geothermometer 
used in the calculation. The difference between the experimental temperature and calculated 
temperature is, however, a real deviation of calculated result from the actual experimental 
temperature.
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Table 5.4 Calculated temperatures at variable pressure
SP#_ _N a(m g/kg)_ ___aNa*___ _____aK ____ _Kef__ TOO
Assigned Pressure Values (bar) is: 1,
1 2 .3 13E+03 1.110E+02 7.326E -02 2.010E -03 36 .4 437
2 1.983E+03 5.700E+01 6.442E -02 1.061E-03 60 .6 408
3 1.724E+03 2.600E+02 4.805E -02 4 . 128E-03 11.6 538
4 2.G69E+03 8.700E+01 6.623E -02 L 595E -03 41 .5 429
5 2.420E+02 1.400E+01 9.159E -03 3 .104E -04 29.5 451
6 1.950E+02 2.100E+01 7.247E-03 4 .571E -04 15.8 502
7 2 .1 18E+03 3.140E+02 5.856E -02 4.933E -03 11.8 535
8 2.257E+03 2.450E +02 6.669E -02 4 . 124E-03 16.1 500
9 2.250E+02 8.000E +00 8.616E-03 1.795E-04 47 .9 420
10 2.240E+02 7.000E +00 8.595E-03 1.574E-04 54.6 413
Assigned Pressure Values (bar) is: 300.
1 2 .3 13E+03 1 .110E+02 7.326E -02 2.010E -03 36 437
2 1.983E+03 5.700E+01 6.442E -02 1.061E-03 60 .2 408
3 1.724E+03 2.600E +02 4.805E -02 4.128E -03 11.4 541
4 2.069E+03 8.700E+01 6.623E -02 1.595E-03 41.1 429
5 2.420E+02 1.400E+01 9.159E -03 3 .104E-04 29.1 451
6 1.950E+02 2.100E+01 7.247E-03 4 .571E -04 15.5 504
7 2 .1 18E+03 3.140E +02 5.856E -02 4.933E -03 11.6 538
8 2.257E+03 2.450E+02 6.669E -02 4 . 124E-03 15.9 502
9 2.250E+02 8.000E+00 8.616E-03 1.795E-04 47 .5 421
10 2.240E+02 7.000E +00 8.595E-03 1.574E -04 54.1 414
Assigned Pressure Values (bar) is: 700.
1 2 .3 13E+03 1.110E+02 7.326E -02 2.010E-03 35.5 438
2 1.983E+03 5.700E+01 6.442E -02 1.061E-03 59 .6 409
3 1.724E+03 2.600E+02 4.805E -02 4.128E -03 1 1.1 544
4 2.069E+03 8.700E+01 6.623E -02 1.595E-03 40 .5 430
5 2.420E+02 1.400E+01 9.159E-03 3.104E -04 28.6 453
6 1.950E+02 2.100E+01 7.247E-03 4 .571E -04 15.2 506
7 2 .1 18E+03 3.140E+02 5.856E -02 4.933E -03 11.3 541
8 2.257E+03 2.450E+02 6.669E -02 4 .124E-03 15.5 504
9 2.250E+02 8.000E +00 8.616E-03 1.795E-04 47 421
10 2.240E+02 7.000E +00 8.595E-03 1.574E-04 53.6 414
Assigned Pressure Values (bar) is: 1000.
1 2.313E+03 1.110E+02 7.326E -02 2 .0 I0E -03 35.1 439
2 1.983E+03 5.700E+OI 6.442E -02 1.061E-03 59 .2 409
3 1.724E+03 2.600E+02 4.805E -02 4 . 128E-03 10.9 547
4 2.069E+03 8.700E+01 6.623E -02 1.595E-03 40.1 431
5 2.420E+02 1.400E+01 9.159E-03 3 .104E-04 28.3 453
6 1.950E+02 2.100E+01 7.247E-03 4.571E -04 14.9 508
7 2 .1 18E+03 3 .140E+02 5.856E -02 4.933E -03 11.1 544
8 2.257E+03 2.450E+02 6.669E -02 4 . 124E-03 15.2 506
9 2.250E+02 8.000E+00 8.616E-03 1.795E-04 46 .6 422
10 2.240E+02 7.000E+00 8.595E-03 1.574E-04 53.1 415
1— Na+ activity t — equilibrium constant








Pope* 1 barf 1 kbarf
1 RR4 200 120 164 166
2 RR13 100 84 135 136
3 RR16 300 236 265 274
4 RR19 200 1 10 156 158
5 RR20 200 135 178 180
6 RR22 300 196 229 235
7 RR24 300 234 262 271
8 RR25 300 197 227 233
9 RR26 200 98 147 149
10 RR27 200 89 140 142
f — experimental temperature (Pope et al., 1987)
*— based on the geothermometer o f W hite (1970) 
t — calculated temperature by this study
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Fig. 5.2, the diagram of calculated temperature vs. the pressure, shows two 
important aspects of pressure effect on temperature. ( 1). the equilibrium temperature of the 
















250 500 750 1000
P (bar)
Fig. 5.2 Calculated temperature by the Na-K geothermometer presents as a 
dependence of pressure. Pressure shows more significant effect on the calculated 
result at higher equilibrium temperature (sample 3).
pressure between temperatures of 100° to 300°C, which reduces the gap between 
experimental values and calculated results, though only slightly. This positive relation 
between equilibrium temperature and pressure also can be achieved by SUPCRT92 
program of Johnson et al. (1992), in which the partial molal properties of aquatic species 
are calculated by such theoretical models as Helgeson et al. (1978), Tanger and Helgeson 
(1988), and Shock et al. (1992). (2). the effect of pressure is more significant at higher 
temperatures (e.g. 270°C of sample 3 in the figure) than at lower temperatures (130°C of 
sample 2). This is consistent with the true physical meaning of the partial molal volume 
data.
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5.7 FORTRAN code for the Na-K geothermometer under
variable pressures
♦ This is a program of Na-K geothermometer at variable pressures, and is
*written in FORTRAN?? and compiled in McFortran, version 2.4.
♦ The Na-K exchange equilibrium constant at 1 bar is derived from the
♦regressed logK-l/T relations of Amorsson et al. (1982). The partial molal 
♦volume data of Na+ and K+ in water are from Millero(1972). The sample data 
♦are from the experiment data of Pope et al. (1987).
♦ MX denotes number of samples, NZ represents number of species with:
♦1-Na, 2-K, 3-Ca, 4-Si02, 5-HC03, 6-C1;
♦ U is the species concentration, in mg/kg; UM is the concentration in
♦molality; CTDS is the TDS; PI is the square root of ionic strength;












IONIC CONCENTRATION DATA INPUT ************
DATA (U1(I), 1=1,MX) /2313., 1983., 1724.,2069.,242.,
& 195.,2118.,2257.,225.,224./
DATA (U2(I), 1=1,MX) /111.,57.,260.,87.,14.,21.,
& 314.,245.,8.,7./
DATA (U3(I), 1=1,MX) /12.,18.,0.6,16.,0.6,0.,
& 0 . , 1. 1,0 . 2 ,0 .2 /
DATA (U4(I), 1=1,MX) /310., 162.,935.,379.,453.,828.,
& 1017.,875.,362.,406./
DATA (U5(I), 1=1,MX) /3545.,3545.,3545.,3545.,0.,0.,
& 3545.,3545.,0.,0./
DATA (U6 (I), 1=1,MX) /0.,0.,0.,0.,610.,610.,0.,
& 0.,610.,610./
VALUES FOR ATOMIC CONSTANT AND PRESSURES (bar) ******** 
DATA (U7(I), 1=1,NZ) /22.9898,39.102,40.08,35.453,61.017/
DATA (PSS(I), 1=1,JJ) / l . ,100.,200.,300.,400.,500.,600.,700.,
& 800.,900.,1000./
**************** DATA SOURCE **************
DATA (SAMPLE(I), 1=1,MX) /,(1)=RR4,,’(2)=RR13',
& '(3)=RR16','(4)=RR19',,(5)=RR20’,'(6)=RR22’,,(7)=RR24’,
& '(8)=RR25','(9)=RR26','(10)=RR277
**************** FILE INTERACTIONS **********************
CALL FILECONTROL(OUTFN)
*********** CHANGE CONCENTRATION TO MOLALITY ************
DO 1=1 MX
CTDS(I)=U1(I)+U2(I)+U3(I)+U4(I)+U5(I)+U6(I)
CTDS 1 (I)= 1./(1 OOO.-CTDS(I)/1000.)
END DO
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DOJ=lADC
U M 1 (J)=U 1 (J)/U7( 1 )*CTDS 1 (J)
UM 2(J)=U2(J)/U7(2)*CTDS 1 (J)
UM 3(J)=U3(J)/U7(3)*CTDS1(J)
UM 4(J)=U5(J)/U7(4)*CTDS 1 (J)
UM 5(J)=U6(J)/U7(5)*CTDS1(J)
END DO
*************** CALCULATE IONIC STRENGTH *********************
DO 1=1 ADC
SM 0(I)=U M 1(I)+U M 2(I)+U M 4(I)+U M 5(I)
SD I(I)=U M 3(I)*4
PI(I)=SQ RT(.5*(SM O(I)+SDI(I)))
SK I(I)=U M  1(I)/U M 2(I)
END DO
********* CALCULATE INITIAL T, THEN A, B OF DEBYE-HUCHEL ************ 





A(I)=-2.6448+0.023222*RO O T(I)-(5.7765E-5)*RO O T(I)**2+
& RO O T(I)**3*(5.027E-8)
B (I)=0.33093-( 1.4518E-4)*ROOT(I)+ROOT(I)**2*(4.3629E-7)
******** CALCULATE ACTIVITY COEFFICIENTS AND ACTIVITIES *********** 
R N A = (-A (I)* P I(I))/(  1 .+ 4 .* B (I)* P I(I ))+ 0 .0 7 5 * P I(I)* * 2  
A N A (I)=U M 1(I)*10.**R N A
R K = (-A (I)* P I(I))/(  1 ,+ 3 .5 * B (I)* P I(I ))+ 0 .0 1 5 * P I(I)* * 2
A K (I)=U M 2(I)*10.**R K
SK I(I)=A N A (I)/A K (I)
60 CONTINUE
************ CALCULATE T AT VARIABLE PRESSURES ***************





V K = -25 .8194+ 0 .19462*RT-0.00026487*RT**2 
V N A =-42.5332+0.21896*RT-0.00027385 *RT**2 
SK 2=LO GIO (SKI(I))-((9.0645+VNA-VK)*(PSS(JK)- 










** * * * * ************  p r i n t  o u t  ************* * * * * * * * * * * * * * * * * *
WRITE(IW, 150)
150 FO R M A T ^X IO r’VCALCULATED TEMPERATURE AT 
& VARIABLE PRESSURES’, 10(’*'))
WRITE(IW,155)
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155 FO R M A T (//,5x,,SP #,,3x ,'C N a(m g/kg)',4x ,’C K (m g/kg),,6x ,'aN a',10x,
& ,aK,9 x ,,K e \4 x ,,T(k)')
DO 100 JK=l,JJ 
WRITE(IW,I35) PSS(JK)
DO 110 1=1,MX




135 FORM AT(/,10x,'Assigned Pressure Values (bar)',2x,
& 'is:’,2X,F10.0)




* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
SUBROUTINE FTLECONTROL(OUT)
C ***** SERVES AS FILE MANAGER *****







7 FORMAT(3X,’GIVE AN OUTPUT FILE NAME:')
RETURN
END
************** RESOLUTION f o r  r o o t  ************************
SUBROUTINE GENN(VY,ROT)













EF(XXX .LT. 0.0) THEN 
ROT= 1.
GO TO 4 
END IF






* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
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5.8 Conclusions
The ionic molal volume data can be used to derive the InK-T-P relationship in 
considering the pressure effect on chemical geothermometers, which has commonly been 
assumed to be negligible. Our calculations show that the assumption of negligible pressure 
effect is acceptable for the Na-K geothermometer within the temperature range of 0° to 300°
C. This is mainly because the geothermometer is based on an ion exchange reaction where 
the pressure effect on the reaction is largely reduced relative to the individual ions.
Therefore, this conclusion may not be used to imply the lack of a pressure effect on other 
chemical geothermometers. In theory, a more significant pressure effect will be expected 
for silica or Na-K-Ca geothermometers because the volume changes between reactants and 
products can not be canceled.
The calculated results indicate that the equilibrium temperature increases with 
increase in pressure, though the pressure only results in a slight change in equilibrium 
temperature. The pressure effect is more significant at higher equilibrium temperatures than 
at lower temperatures. Because molal volume data are only available up to 200°C, the lack 
of a pressure effect is less certain above this temperature. Partial molal volume data of ions 
in water at higher temperatures are needed to predict the pressure effect on the Na-K 
geothermometer at higher temperatures.
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CHAPTER 6. SUMMARY AND CONCLUSIONS
6.1 Compositional variation in BGB chlorite
lib trioctahedral chlorite in the Barberton greenstone belt metavolcanic rocks was 
formed during pervasive greenschist metamorphism. The chemical composition of the 
chlorite is highly variable, with the Fe/(Fe+Mg) ratio ranging from 0.12 to 0.8 among 53 
samples. The chemical variation of the chlorite results from the chemical diversity of the 
host rock, especially the MgO content of the rock, but major details of the variation 
pattern of the chlorite are due to the crystal structure of the chlorite.
All major cation abundances in the chlorite are strongly correlated with each 
other. Si increases with Mg and decreases with Fe, while A1IV and A1VI decrease with Mg 
and increase with Fe2+. A complex substitution vector explains over 90% of the chlorite 
compositional variation: Mg4SiFe2+_3AlVI.1 Al™.,, which has 3 parts Fe-Mg substitution 
coupled with one part tschermakite substitution. This ratio is required to maintain the 
charge and site balances and the dimensional fit between the tetrahedral and octahedral 
sheets. Subtle changes in Al substitution in chlorite imply that A1VI is preferentially 
ordered in the M(4) site, and about 84% of the A1VI present is in the M(4) sites when they 
are nearly filled with A1VI.
Based on 47 analyzed chlorite-bearing rock samples, chlorite (Chi) composition is 
strongly correlated with the MgO content of the host rock. Calculated correlation 
coefficients are +0.91 for Si0 2Chl-MgORock, -0.87 for Al20 3ChI-MgORock> +0-89 for 
MgOo,,-MgORock, and -0.85 for FeOoj-MgORock- But only weak correlations have been 
found with othe oxides of rock (between same oxides in chlorite and rock: SiO, -0.67, 
A120 3 +0.59, FeO -0.41). M gO ^ increases with MgORock. and is saturated in chloriteat 
about 36 wt% occurring in rocks that have MgO above 22 wt%. M g O ^ is about 5 wt% 
when the host rock approaches to 0 wt% of MgO. This implies that Mg substituting into 
the chlorite is approximately limited to 1.5-9.2 Mg atom pfu and 1.0-3.2 Alrv.
121
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Chlorite geothermometers can not be applied to all BGB samples. However, the 
empirical chlorite geothermometer based on A1IV of chlorite may be applicable to 
chlorites formed under metamorphic conditions because it can predict the chemical 
composition of the chlorite from basaltic and dacitic samples in this study. An estimated 
temperature of about 320° C for the greenschist metamorphism of the greenstone belt 
through this geothermometer is consistent with that obtained by other geothermometers.
6.2 A model for chlorite composition and structure
Fitting together the sheets of talc-like layers and brucite-like layers plays an 
important role in the stability and chemistry of chlorite. A calculation of b-dimensions 
and dimensional changes upon the chemical variation of chlorite was carried out for the 
tetrahedral sheet and the octahedral sheets in talc-like and brucite-like layers. The 
effective ionic radii of Shannon and Prewitt, also the average bond-length from 
phyllosilicates, and the octahedral angle \jt, tetrahedral angle x, tetrahedral rotation angle 
a  from chlorite structural refinements were used.
The calculation demonstrates that tetrahedral rotation a  is not important in fitting 
the "free" tetrahedral and octahedral sheets in trioctahedral chlorite. The rotation 
increases the misfit in the high Mg and Si chlorite: the "free" talc-like layer is already 
smaller than the brucite-like layer, which is also supported by the fact that a rotation 
angle exists in serpentine minerals, where the tetrahedral sheet is also smaller than the 
octahedral sheet. Therefore the reason for an average 6.97° a  in chlorite is not necessarily 
due to the requirement of fitting.
The chemical variation pattern (Mg4SiFe2+.3AlVI_|Allv.i) of the chlorite from 
Barberton greenstone belt is required by the lateral dimensional fit between the 
tetrahedral sheet and the octahedral sheets in the talc-like layer and between the brucite- 
like and the talc-like layers in the structure.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
123
The calculated b-dimension results imply that the ordering in octahedral position 
of chlorite is partly due to the requirement to fit the larger lateral dimension of the 
brucite-like layer with the smaller talc-like layer for chlorite with Al VI<2.38. Brucite-like 
layer dimension can be reduced by the preferentially occupation of A1VI in the M(4) site.
The calculation also shows that the limitation for the amounts of Mg and Si in 
chlorite may be imposed by the requirement of maintaining the fit between the brucite- 
like layer and the talc-like layer.
6.3 Compositional variation in BGB actinolite
Actinolite formed under similar conditions shows that its chemical composition is 
strongly influenced by the bulk chemical composition of the host rock, a similar pattern 
observed in BGB chlorite. The chemical components of actinolite are strongly associated 
with the MgO of rock because MgO in the rock was the least available stoichiometric 
component during the crystallization of the mineral. MgO of the actinolite presents a 
saturation plateau at about 23 wt% in rocks that have MgO above 26 wt%. The lower 
limit of MgO occurs at about 10 wt%. This is a span about 2.5-4.5 Mg pfu in chlorites 
that correspond to rocks about 1.6-36 wt% MgO. Good correlations also exist between 
the corresponding AI2O3 and Na2 0  in the mineral and the rock. These correlations play 
an important role in constraining the abundance of Si in the mineral and in casting the 
negative relationship between Si0 2  contents in actinolite and rock.
The major cations in the actinolite are more or less correlated with each other, and 
the correlations are also similar to those in BGB chlorite, which implies that similar 
structural rule may play a role in actinolite: this relationship is required to reduce the 
dimension misfit between the tetrahedral and octahedral strips due to chemical variation 
of actinolite.
Simple correlation analysis and binary scatter diagrams reveal that the 
composition variation pattern of the actinolite can be represented by 3 parts of edenite
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substitution-5 parts of tschermakite substitution-2 parts of riebeckite/glaucophane 
substitutions. These relationships may be required by the local charge balances in the 
structure of actinolite (Cm/2). The strong correlation between A-site occupancy and A l^  
results in the edenite substitution, in which eight of the twelve oxygens around A-site are 
from T1 tetrahedra that are more likely occupied by Allv. The correlation between 
Na(M4) and octahedral trivalent cations implies that riebeckite/glaucophane substitution 
is an important component in controlling the chemical variation of the actinolite. The fact 
that the B-site (Na(M4)) shares two edges with M(2), the trivalent cation preferred site, 
also helps maintain the local charge balance. The slightly higher XFeO for actinolite than 
that for chlorite can be related to the structural factor, the requirement for maintain the fit 
between the silica double chain and the octahedral strip.
Amphibole geothermobarometers should be applied with caution. Both the host 
rock and the structure of amphibole play roles in casting the chemical composition of the 
mineral, including A1IV and A site occupancy, which are often used in the construction of 
geothermobarometers. Though it is more reliable to only apply the geothermobarometer 
to rocks by similar to these used in the calibration, the rock influence only has 10-40 °C 
and 1.5 kb for estimated temperature and pressure from ultramafic to dacitic rocks.
6.4 Mineral-fluid reactions and Na-K geothermometers
InK-T-P relationship for mineral-fluid reactions can be derived by using the ionic 
molal volume data through thermodynamic modeling, which allow the pressure factor 
being considered on the constructing and evaluating chemical geothermometers. The 
calculated results indicate that the assumption of negligible pressure effect is acceptable 
for the Na-K geothermometer at a temperature below 300° C. This is mainly because the 
geothermometer is based on an ion exchange reaction where the pressure effect on the 
reaction is largely reduced relative to the individual ions.
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The equilibrium temperature for the Na-K feldspar reaction slightly increases with 
the increase in pressure. However, the pressure effect is more significant at higher 
equilibrium temperatures than at lower temperatures.
6.5 Suggestions for future work
In order to determine the Fe limit for trioctahedral chlorite formed under similar 
conditions, it is necessary to study more Fe-rich rocks from BGB, such as iron stone, to 
search for the most Fe-rich chlorite. This will reveal an even better defined chlorite-rock 
chemical composition relationship. To further verify the calculated relationship between 
the structural sheet dimensions and the chemical composition of chlorite, it is important 
to measure the d-spacing or unit cell of a series of chlorites with different chemical 
compositions from BGB.
Chlorite and actinolite formed under other conditions from other places will not 
only be used to support some of the conclusions, but also can be important in 
constraining the relationship between the mineral chemical composition and the 
formation conditions. A set of coexisting chlorite-actinolite pairs is always desirable to 
study the thermodynamic properties of these low temperature minerals and mineral 
reactions and to construct more reliable geothermobarometers for estimating the 
formation conditions of greenschist facies minerals.
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APPENDIX A. PETROGRAPHY
Introduction
Sixty-seven samples, from the interior of southern part of Barberton greenstone 
belt (Fig. 1.1), have been selected in this study. They were mainly collected from the 
Onverwacht Group except for a few dacites sampled from the Fig Tree Group (Fig. 1.2).
All rocks in the greenstone belt experienced regional greenschist metamorphism, 
and some of them had been altered by low temperature alteration. Most rocks preserve 
the primary igneous textures, structures, commonly minerals as well. Many of the rock 
samples still have the chemical compositions that are consistence with the corresponding 
igneous rocks. The names of the igneous precursors of these metamorphosed rocks are 
often used in the literature without affiliating the prefix "meta-". This convention is 
adopted in this study except for the highly altered rocks. Therefore, the rocks are named 
based on the preserved primary igneous characteristics, such as structure, texture, 
mineral, field occurrence, and petrochemistry.
Rocks with well preserved igneous textures and the corresponding chemical 
composition are given igneous name, though the rock may completely be replaced by 
metamorphic minerals, e.g. komatiitic basalt may consist of actinolite, chlorite, and 
albite. The low temperature altered rocks with preserved igneous textures but not the 
corresponding igneous chemical composition are named by the type of chemical 
alteration plus the name for the precursor, such as carbonatized basalt. The strongly 
altered rocks are characterized by the nature of the alteration, and may preserve accessory 
igneous minerals and partially the igneous textures. Their precursors may or may not be 
identified. These rocks are named by the type of alteration with or without affiliating the 
name of the precursor, e.g. boron metasomatized rock.
The IUGS recommendations for the classification of igneous rock (Le Maitre, 
1989) is generally followed. For komatiitic rocks, the terminology proposed at the 1979
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Penrose Conference and outlined by Arndt and Nisbet (1982) is used in the study. The 67 
rock samples can be classified as peridotite, cumulate, komatiite, komatiitic basalt, basalt, 
carbonatized basalt, silicified basalt, dacite, silicified dacite, boron metasomatized rock, 
and silicon-boron metasomatized rock.
Petrographic descriptions 
Peridotitic sill
Two intrusive sill peridotites are the only non-volcanic rocks in the study.
 267-2: This is a harzburgite with massive structure (Fig. 6.1a). Olivine (60%±),
mostly altered to antigorite, is small grain included in coarse enstatite (35%±). The rock 
has poikilitic texture. Enstatite and the small amount of clinopyroxene (3%±) and biotite 
(<1%) are well preserved. Olivine can be found in the center of many grains. Magnetite 
(2 %±) outlines the mesh texture.
 10-17A: The sample is a Iherzolite, and is mainly composed of serpentinized olivine
(45%±), enstatite (15%±), diopside (30%±), hornblende (3%±), and biotite (<1%). Minor 
tremolite, chlorite, and magnetite are also found in the rock.
Cumulate
This group of rocks is named by their field occurrence and the cumulate texture.
They are normally found at the base of a volcanic flow. The samples include two olivine 
cumulates and two pyroxene cumulates.
 106-2: The rock has massive structure and is mainly composed of serpentine and
chlorite. The original igneous rock is harzburgite and has cumulate and poikilitic textures 
with some smaller olivine grains included in coarse orthpyroxenes. Olivine (70%±) is
0 .2 - 1 .0  mm in diameter, and is completely replaced by antigorite and chlorite, and 
pyroxene (30%±) is altered to bastite and tremolite. Trace amounts of talc and magnetite
















Fig. 6.1 SEM backscatter electron micrographs of sill 
and cumulates
a. Peridotitic sill (267-2). Olivine (01), partially preserved,
is altered to serpintine, mostly to antigorite (Serp), 
Magnetite (Mt) and biotite (Bi) are common 
minerals in the rock.
b. Olivine cumulate (78-5). Olivine (Ol) is completely
altered to antigorite (Serp), the cumulate texture is 
preserved.
c. Pyroxene cumulate (78-8). Cumulate pyroxene (Aug)
is replaced by hornblende at the edges, igneous 
amphibole presents as intercumulus crystals, the 
groundmass is altered to actinolite and chlorite.
are also found in the rock. Igneous granular chromite and prismatic hornblende are 
preserved, about 1% for each.
 6-4a: This is an olivine cumulate, and has dunite mode mineral composition with
cumulate texture outlined by magnetite (2%±). The rock is mainly composed of olivine 
grains (94%±), 0.25-2.5 mm size, now completely replaced by antigorite. A few grains of 
enstatite, altered to bastite, is found among olivines in the thin section. Elongated and 
needle-form igneous augite (5%±) is preserved between the grains. Preserved also is 
chromite. Tremolite (5%±) associates with serpentine.
 78-5: The rock is mainly composed of olivine grains (95%±) with cumulate texture
(Fig. 6.1b). Olivine, completely altered to antigorite, is 0.2-2.0 mm in diameter. Igneous 
augite (2 %±), hornblende (2 %±), and chromite are preserved between olivine grains. 
Tremolite (1%) and chlorite (1%) present between grains too. Magnetite partially outlines 
the primary igneous grains.
 78-6: The rock is a pyroxene cumulate with cumulate texture and is composed of
granular and short prismatic augite (95%±) and hornblende (2%±). Actinolite (20%±) is 
formed along the edges of augite and hornblende and between grains. Chlorite (2%±) is 
found in augite grains. Albite (2%±), calcite (1%±), and small amounts of sericite, 
magnetite are also exist between grains. Trace amount of sphene associates with ilmenite.
 78-8: This pyroxene cumulate preserves cumulate texture (Fig. 6 . lc) and mainly
consists of granular euhedral augite (70%±), 2-3 mm in diameter. The primary 
groundmass is completely altered to acicular actinolite (2 0 %±) and flaky chlorite ( 1 0 %±). 
A few subhedral edenite grains are found as intercumulus phase. They are deep brown in 
color and is about 0.2 mm in size. Sub-anhedral ferro-homblende (<1%) exists at the 
edges of a few augites, and has deep brown-green pleochroism. Green hornblende 
( 1 0 %±) forms ring at the edges of all augites with pale brown-deep green pleochoism. 
This green hornblende ring commonly shows zoning pattern. Magnetite exists in the 
sample.
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Komatiite
Seven komatiites were selected in the study. Based on the terminology proposed 
at the 1979 Penrose Conference, komatiite is an ultramafic volcanic rock with weli- 
developed spinifex and other quenched textures. It has high MgO content at given SiC>2 , 
normally above 18% on volatile free basis. While the arbitrary MgO boundary is still 
debating, the Si0 2  content of the rocks has not been strictly constrained yet in the 
literature. In this study, the Penrose definition is generally followed. However, rocks with 
Si0 2  higher than 45 wt% of the total will still be named komatiite if it is predominated by 
olivine spinifex blades and with MgO above 18%.
 224-10: The original rock is composed of parallel olivine blades (40%±), and
clinopyroxene (30%±) and glass (30%±) (Fig. 6.2a). Skeletal olivines, altered to 
antigorite, are 1-2 mm width and over 2 cm length. Pyroxenes, 0.05x1.5 mm, are 
completely altered to tremolite, chlorite, and magnetite. They are sub-parallel or form 
semi-radian cluster, and exist with glass between olivines. The glass has been altered to 
chlorite and tremolite too. Trace amounts of Fe-sulfide and epidote are also exist in the 
rock.
 224-14: The rock consists of skeletal crystals that form parallel to semi-parallel
dendritic spinifex clusters. All spinifex crystals, 0.1-0.5 x 1-10 mm, have been replaced 
by actinolite (80%±), chlorite (10%±), and hornblende (5%±). Hornblende is associated 
with actinolite, and was formed along the edge and cleavage of spinifex clinopyroxene.
The pyroxene was altered to actinolite later. Actinolite is also find along the edge and 
cleavage of hornblende. Igneous pargasite and spinel, both less than 1%, have been 
preserved in the sample. Pargasites, 0.005-0.05 mm long, presents as elongated skeletal 
crystals or euhedral hopper crystals with hollow cores. They usually arrange together to 
form an outline resembling a large amphibole. Magnetite and sphene also exist in the 
rock.
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 229-1 a: This sample is collected from the quenched bottom of a komatiite lava flow.
It has randomly oriented micro spinifex texture. The spinifex crystals were partly altered 
to actinolite (45%±) and chlorite (20%±). The preserved augite is about 30%± and 0.025 
x 0.5 mm in size. Down to the flow interface, there is a quenched micro joints zone. In 
the zone, the crystals become smaller, and the proportion of glass matrix increases toward 
the interface. Chromite is also found in the rock. Other metamorphic mineral phases 
include magnetite, sphene, epidote, and ankerite, all in trace amount.
 229-lb: This sample is right beneath 229-la, and represents the quenched top of
another komatiite flow, which includes samples 229-2, 229-3, and 229-5. It has similar 
petrographic characteristics as 229-la except the micro spinifex crystal size becomes 
larger and the glass proportion decreases downward, which is away from the top 
boundary of the flow. Sample 229-la (bottom of the above flow) and 229-lb (top of the 
flow) form a symmetric pattern in terms of texture to the interface between them.
 229-2: This sample was collected from the upper part of the komatiite flow, and is
composed of randomly oriented spinifex augite (50%±), olivine (30%±), and glass matrix 
(20%±). The spinifex crystals are elongated euhedral hoppers, 0.25-0.5 x 5-10 mm, with 
hollow cores. Olivine is completely replaced by chlorite and actinolite. Spinel is also 
preserved. Minor minerals include magnetite, sphene, and epidote.
 229-3: This sample is from the middle part of the flow, and has porphyritic and
semi-parallel spinifex textures (Fig. 6.2b, c). The phenocrysts are mainly elongated 
spinifex pyroxene and granular olivine. Phenocryst pyroxene forms about 30 percent of 
the rock, and is 0.5-2.5 x 2.5-5 mm in size. This pyroxene usually shows exsolution 
lamellae outlined by magnetite. Olivine phenocryst, 10%±, is more equant, and is 
completely replaced by chlorite. Microcrystalline clinopyroxene (40%±) and glass 
( 1 0 %±) are the major component of the matrix, and were partly altered to actinolite and 
tremolite. Sphene is also found in the sample.
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Fig. 6.2 SEM backscatter electron micrographs of 
komatiite
a. Oriented spinifex komatiite (224-10). Platy olivines (Ol)
are parallel to each other, and altered to serpintine, 
the melt part is altered to serpintine, tremolite 
(Trem), and chlorite (Chi).
b. Semi-oriented spinifex komatiite (229-3). Spinifex
pyroxene (Aug) arrange in semi-parallel pattern.
c. Semi-oriented spinifex komatiite (229-3). dendritic
spinifex pyroxene (Aug).
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 229-5: This sample is collected from the lower part of the flow, and has two
different spinifex texture patterns. The parallel to semi-parallel spinifex texture is the 
predominate type. The spinifex phenocrysts, outlined by magnetite, are elongated blades 
(20%±), 0.05-0.1 x 5-10 mm, and are replaced by actinolite and chlorite. Some less 
elongated spinifex crystals (1%±) are banded and form circle pattern in the rock. Only 
about 1% augite is preserved in the rock. Acicular actinolite (75%±) and chlorite (20%+) 
are the major mineral phases. Magnetite, epidote, calcite, and quartz also exist in the 
rock.
Komatiitic basalt
Fifteen komatiitic basalts are included in this study. According to Penrose 
terminology, komatiitic basalt is a basalt that genetically associates with komatiite and 
has well-developed pyroxene spinifex textures. The komatiitic basalt normally has MgO 
above 10%, and low Ti0 2  and high Si0 2  at given MgO. In this study, komatiitic basalt is 
mainly named based on its linkage to komatiite and the predomination of pyroxene 
spinifex crystals, though their Si02 contents may be above 52%. The term "andesitic 
komatiitic rock" will not be used in this study because the agreement is far from being 
reached.
 107-1: The rock is composed of needle spinifex pyroxene phenocrysts (60%±, 0.25 x
10 mm) and fibrous micro spinifex pyroxene in the groundmass (40%±,). The needle 
pyroxene is randomly oriented and has been altered to actinolite. The micro spinifex 
augite forms grass cluster pattern in the triangle area between the needle pyroxene 
phenocrysts, and is partly preserved (20%+). Chlorite (15%+) is formed in the 
groundmass associating with albite (5%±) and minor epidote, sphene, and iron-copper 
sulfide. Igneous ferrous hornblende (<1%) is found in the groundmass. They are euhedral 
needles and 1 -2 0  x 20-60 |im size, normally present as hopper crystals with hollow cores, 
and tend to be arranged as the outline of large amphibole.
— — i — — — ^ m b — .  ■■ ■ ■ b  — ■ i -jji ■ isv
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 107-3: Pyroxene phenocrysts, 0.5-1 x 5-20 mm size in the rock, present as large
needle spinifex pyroxene (30%±) and granular pyroxene (30%±). The needle pyroxene is 
randomly oriented and has been altered to actinolite. The granular pyroxene exists in the 
triangle area between the needles, and is preserved in the centers of some grains. Chlorite 
(10%±), albite (5%±), and minor sphene, iron-copper sulfite are found in the groundmass. 
Igneous hastingsite (1%±) presents as fine skeletal prismatic or euhedral rhombic crystal 
with hollow core. The prismatic crystal is 5-100 (im x 0.05-1 mm in size and the euhedral 
grain is about 1-100 pm. The fine hastingsites commonly form along the edge of granular 
pyroxene or grow along the c axis extending direction of the pyroxene. They also tend to 
group together to form the outline of large amphibole in the groundmass.
 107-8: This rock is petrographically similar to sample 107-3. The randomly oriented
needle spinifex pyroxene is about 2 0 % of the total rock volume, and has been altered to 
actinolite. The granular augite (40%±) exists between needles, and has largely been 
preserved. The groundmass altered to chlorite (15%±), albite (5%±), actinolite, and trace 
amounts of sphene, pyrite, quartz. Ferrous hornblende (1%+) presents as fine skeletal 
crystals with hollow cores. It forms along the edge of granular pyroxene or as continuing 
growth along the c direction of needle pyroxene. Hastingsite is commonly included by 
actinolite, and the hollow core of hastingsite is also actinolite.
 224-16: The rock is composed of needle spinifex pyroxene phenocryst (20%±),
granular augite (60%±), and groundmass. The needle pyroxenes form chicken-track 
pattern cluster and each individual needle is 1-2 x 10-20 mm in size. These pyroxene 
needles have been largely altered to actinolite, and augite is only preserved in the centers. 
Relatively larger part of granular augite is preserved. The granular augite is outlined by 
hornblende fibrous microcrystals. This igneous skeletal hornblende is included by 
actinolite altered from augite. The edge of hornblende also altered to actinolite. The 
groundmass is now composed of actinolite, chlorite (5%±), albite (10%±), and trace 
amounts sphene, calcite, magnetite, and calchopyrite. Spinel is also preserved.
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 224-19: The rock is mainly composed of spinifex pyroxene. The elongated pyroxene
blades, 30%± and 0.1 x 4 mm size, are randomly oriented and have been altered to 
actinolite. The relatively shorter pyroxene needles, 30%± and 0.2-0.5 x 2 mm size, form 
radiate and chicken-track patterns and present as preserved patches in the interior. The 
pyroxene needles were altered to actinolite. Granular pyroxene, 20%± and 0.2-0.5 mm 
size, is largely preserved. Igneous skeletal hornblendes (1%±) exist as fine subhedral 
crystals and hopper crystals with hollow cores. They often present at the edges of 
granular augites. Spinel is preserved in the rock. Chlorite (5%±) and albite (5%±), and 
trace amounts of sphene, sulfide, calcite are found in the groundmass.
 266-6: This rock consists of parallel needle spinifex pyroxene (45%±) and granular
pyroxene (50%±). The spinifex needles are 1-2 x 5-10 mm in size and have completely 
altered to actinolite. The granular pyroxenes, also completely altered to actinolite, are 
often in macro skeletal pattern formed by aligning several grains together to form needle 
pattern. The granular pyroxene has fibrous actinolite enlargement. Chlorite (2%±) and 
albite (3%±) are associated with fibrous actinolite and magnetite in the groundmass. 
Spinel is partly preserved.
 266-7: The rock is composed of granular pyroxene (90%±). The pyroxenes form
macro spinifex texture by aligning together to form 2-5 x 10-15 mm needles (Fig. 6.3a). 
The pyroxene grains are euhedral to subhedral and have fibrous actinolite enlargement at 
the edges. They have completely been altered to actinolite with amphibole type cleavage. 
Fibrous actinolite, flaky chlorite (2%±), albite (5%±), and trace amount of sphene are 
found in the groundmass.
 266-9: The rock is not homogeneous, and has patch structure indicated by green and
dark green parts. It has micro spinifex texture and amygdoloidal texture (Fig. 6.3b). The 
fine fibrous spinifex augite (50%±) is randomly oriented and has been altered to 
actinolite. The granular augite (20%±) is preserved and has acicular actinolite 
enlargement. The amygdaloids ( 5%±) are filled mainly by albite with chlorite and calcite




















Fig. 6.3 SEM backscatter electron micrographs of 
komatiitic basalts
a. Granular spinifex komatiitic basalt (266-7). Individual
skeletal pyroxene (Aug) is granular, and several 
grains arrange into enlongated crystal, actinolite 
(Act), chlorite (Chi), and albite (Ab) exist in the 
groundmass.
b. Needle spinifex komatiitic basalt (268-1). Pyroxene (Aug)
is needle form and presents as hupper crystal with 
melt core.
c. Komatiitic basalt (266-9). Ammygdoloidal texture, calcite




in the center of the void. Acicular actinolite also appears at the edge of the void. Calcite 
forms vainlet, and also fills in a few voids. The groundmass is mainly composed of albite, 
acicular actinolite, and trace amount magnetite.
 266-10: This rock is petrographically similar to sample 266-9 except that it has more
granular augite. The micro spinifex pyroxene (20%±) is randomly oriented and is not 
homogeneously distributed in the rock. This type of pyroxene has been altered to 
actinolite. The subhedral granular augite (50%) is preserved and has acicular actinolite 
enlargement. Albite, acicular actinolite, and occasionally calcite are found in the 
groundmass. Amygdaloids (3%±) are mainly filled in by albite with chlorite and calcite in 
the center. Sphene exists in the rock.
 268-1: The rock is composed of needle spinifex clinopyroxene phenocryst (30%±),
micro spinifex clinopyroxene (30%±), and micro granular clinopyroxene (40%±) (Fig.
6.3c). All primary igneous minerals have been replaced by the low temperature products.
The needle phenocryst is 0.5-2 x 10-20 in size, and has edge enlargement about 0.05-0.2 
mm thick. The needle and the enlargement edge are replaced by actinolite with green 
color in the inner part and colorless for the edge. Some needles are replaced by chlorite 
(10%±) for the inner part with colorless actinolite edge. The micro spinifex 
clinopyroxenes are elongated, and form dendritic cluster pattern. This type of pyroxene 
has been altered to actinolite. The micro granular pyroxene has also been replaced by 
actinolite. It has acicular actinolite enlargement. Albite, epidote, magnetite, and sphene 
exist in the sample.
 268-2: This rock is petrographically similar to sample 268-1. All major igneous
phases were replaced by actinolite and chlorite. The needle phenocrysts are about 40%±, 
and has an enlargement edge. They have been replaced by actinolite and chlorite. The 
equant grains have euhedral olivine crystal form and have mainly been replaced by 
chlorite. The olivine grains also have enlargement edge that has been replaced by
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actinolite. The groundmass is mainly composed of micro granular pyroxene with acicular 
actinolite forming along the edges. Sphene and calcite exist in the rock.
 29-7: The rock has porphyritic and spinifex textures. The phenocrysts exist as needle
pyroxene and equant skeletal pyroxene. The needles are 30%± and 0.5-3 x 5-10 mm in 
size, and have been replaced by actinolite with calcite and chlorite in the inner part. The 
equant skeletal pyroxenes are 30%± and 0.5-5 mm in size. They present in a regular 
frame pattern with calcite patches in the interior. Most of this type of pyroxene has been 
replaced by actinolite, and only some parts along the edge has been preserved. Actinolite, 
albite (10%±), quartz (5%±), calcite, and minor epidote exist in the groundmass that was 
originally composed of micro pyroxene grain and glass. A few flasks of sericite exist in 
the quartz assemblages.
 212-9: The rock is composed of prismatic and needle shaped pyroxene phenocrysts
(50%±) and fibrous and granular pyroxene groundmass. Pyroxene phenocrysts (0.2-2 x 5- 
10 mm size) have been altered to actinolite in the inner part. Actinolite also forms along 
the cleavage and cracks of pyroxene. The prismatic pyroxene has been largely preserved 
including the typical sand-watch structure. Actinolite, chlorite (10%±), albite (15%±), 
quartz (2%±), calcite (5%±), and epidote (l%±) exist in the groundmass.
 356-12: The rock has porphyritic texture, and the phenocrysts are mainly skeletal
pyroxene (25%±) and needle hornblende (15%±). Pyroxene presents as short prism, 
needle, and skeletal frame grain. It is 0.1-1 x 0.5-5 mm in size, and has been completely 
replaced by actinolite and chlorite. Hornblende phenocryst is 0.05-0.5 x 0.5-10 mm in 
size, and is altered to actinolite at edges and along cleavages. Chlorite, albite, actinolite, 
and epidote exist in the groundmass. Apatite is also found in the rock.
 10-8: The rock has porphyritic and amygdoloidal textures, and the phenocryst is
composed of needle spinifex pyroxene (20%±) and granular pyroxene (30%±). The 
needle pyroxene, 0.25 x 2 mm size, is semi-parallel to randomly oriented. It is only partly 
preserved along the out zone, and the inner part has been altered to actinolite. The sub-
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euhedral pyroxene grain has an euhedral actinolite ring that includes an anhedral augite 
core. The groundmass is mainly composed of micro fibrous pyroxene that is now 
actinolite. The amygdoloidal void is 1-2 x 2-3 mm in size and about 10% of the total rock 
volume. These voids are filled with quartz (2%±) along the wall and with chlorite (4%±) 
and epidote (4%±) in the center.
Tholeiitic basalt
Three samples are classified into this group. They have no quenched texture and 
the MgO content in these rocks is relatively low.
 216-8: The rock has porphyritic, intersertai, and amygdoloidal textures. The
phenocrysts are granular and prismatic pyroxene (40%±) and platy plagioclase (20%±).
They are 0.25-1 x 0.5-2 mm in size and randomly oriented. The pyroxene is largely 
preserved, and is commonly augite in composition. Diopside is found at the edges of 
some augite grains. Pyroxene developed zoning with more diopside composition at the 
edge. Pyroxene has partly been altered to actinolite along the cleavages and edges.
Plagioclase has completely replaced by albite and actinolite. The original fine crystalline 
materials have been replaced by albite ( 10%±), acicular actinolite, calcite, and chlorite.
The amygdoloidal void is irregular in shape, and is filled with quartz along the wall with 
calcite, chlorite, and epidote in the center. Sphene and sericite also exist in the rock.
 266-8: The rock has intergranular and amygdoloidal textures. The original igneous
plagioclase lath (10%± and 0.2-1 mm size) has been replaced by albite. The granular 
augite (50%± and 0.5-1 mm size) is preserved in the core, and presents zoning with 
Q 2O3 significantly higher in the center. The altered part of the pyroxene was replaced by 
hornblende and actinolite, which form zoning pattern with high A1 hornblende at the edge 
and actinolite in the inner part. A brown hornblende exists in the groundmass (2%±). It is 
euhedral prismatic crystal (0.05 x 0.3 mm size) and forms aggregate. This type of 
hornblende has homogeneous brown-pale brown pleochroism, and has homogeneous
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chemical composition and higher AI2O3 , Ti0 2 , and FeO contents compared with the 
zoned hornblende, which has variable green-pale brown colors. Actinolite is also found in 
the groundmass associating with chlorite and albite. A heterogeneous plagioclase is found 
in the groundmass too. The plagioclase arranges from oligoclase to andesine. The 
amygdaloids appear as light spots in the hand specimen, and are spherical shape, 2-3 mm 
in size, and about 20% of total rock volume. They are filled with irregular calcite, 
clinozoisite, chlorite, and albite.
 300-9: The rock has porphyritic texture. Pyroxene phenocrysts are augite, subhedral
grains and short prisms, 30%± of total rock volume, 0.5-2 mm in size. Plagioclase 
phenocrysts (10%±) are 0.05 x 2 mm laths, and have been replaced by albite. They are 
randomly oriented. Acicular hornblendes (30%±) are 0.01 x 0.2 mm in size, and exist in 
the groundmass. They are green-pale brown, and form dendritic pattern. Actinolite forms 
along the edges and cleavages of augite and hornblende. Actinolite is also found in the 
groundmass associated with fine albite, quartz, and chlorite. Pyrite and ilmenite are also 
found in the rock.
Carbonatized basalt
Five carbonatized basalts from a single lava flow are included in this study.
Sample 1-42A, B, C, D, E are collected in a sequence from the lower part to the top of the 
flow . From the lower part toward the top of the flow, the quantities of ankerite and 
quartz increase and the quantities of calcite, chlorite, and magnetite decrease.
 1-42A: This sample is collected from the lower part of the flow. The amygdoloidal,
rarely porphyritic, textures are still preserved, but no primary igneous minerals. The 
pseudomorphs of plagioclase laths are outlined by magnetite and have been replaced by 
plates of quartz or micro quartz and sericite. The amygdaloid, 10%± and 0.5-2 mm size, 
is in irregular round shape and is filled with micro quartz, sericite, and calcite. The rock is
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composed of calcite (15%±), sericite (30%+), quartz (25%±), and chlorite (30%±) with 
minor magnetite (3%±), and trace amounts of pyrite, chalcopyrite, and sphene.
 1-42B: This rock is petrographically similar to sample 1-42B. The amygdaloid is
about 10% of total rock volume and 0.5-6 mm in size, and is outlined by magnetite. It is 
mainly filled with calcite, quartz, chlorite, and sericite. The rock is composed of calcite 
(20%±), ankerite (1%±), sericite (25±), quartz (25%±), and chlorite (30%±) with minor 
magnetite (2%±) and trace amounts of chalcopyrite and sphene. Ankerite is associated 
with calcite.
 1-42C: This rock is similar to sample 1-42A. However, the primary texture is less
clearly preserved. The pseudomorphs of plagioclase and amygdoloidal void have vague 
boundaries due to alteration. The rock is composed of calcite (15%±), ankerite (10%±), 
sericite (20%±), quartz (25%±), chlorite (30%±), and magnetite (1%±), sphene, 
chalcopyrite. Ankerite is associated with calcite, and replaced the latter.
 1-42D: The rock still preserves the pseudomorphs of plagioclase and pyroxene laths
outlined by magnetite. Both primary minerals have been replaced by carbonates and 
sericite. Amygdaloid, 5%± and 0.2-4 mm, is spherical and rarely elongated. It is filled 
with carbonates, quartz, chlorite, and magnetite. The pseudomorphs of quenched fibrous 
pyroxene is also outlined by magnetite and calcite that have replaced it. The rock is 
composed of calcite (10%±), ankerite (15%±), sericite (35%±), quartz (30%±), chlorite 
(10%±), and magnetite (<1%±), chalcopyrite, sphene. Ankerite is associated with calcite, 
and normally forms along the edge of calcite.
 1-42E: The rock is mainly composed of ankerite (20%±), calcite (5%±), quartz
(40%+), and sericite (35%+). The pseudomorphs of acicular and granular pyroxenes and 
possibly platy plagioclase are clearly outlined by magnetite. The acicular pyroxene 
locally forms dendritic pattern. The primary minerals have been replaced by carbonates, 
rarely by micro quartz and sericite. The primary groundmass is replaced mainly by micro 
quartz and sericite. Amygdaloid, 2%± and 0.2-1 mm, is filled with carbonates and
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magnetite. Ankerite is associated with calcite, and the boundary between them is clear 
and straight.
Silicon-potash metasomatized basalt
Two samples are included in this study.
 17-4: The original rock had porphyritic and amygdaloidal textures. The primary
pyroxene phenocrysts were granular (2 %± and 0 .2 -1  mm) and elongated prismatic (2 %± 
and 0.1 x 1 mm). The granular pyroxene is replaced by micro quartz and the elongated 
pyroxene is replaced by microcline. The quartz and microcline outline the crystal forms 
of the primary pyroxenes as they are much more transparent than the "cloudy" 
groundmass. The primary groundmass was composed of fine acicular and granular 
pyroxenes and glass. The micro pyroxenes are altered to microcline and quartz. The glass, 
devitrified into fibrous crystalline, is also altered to quartz and microcline. The 
amygdaloid is spherical, and is filled with quartz. Trace amounts of sericite, rutile, and 
magnetite also exist in the rock.
 17-5: The original basalt had porphyritic texture. The primary pyroxene phenocryst
was replaced by quartz and sericite. It was euhedral granular (5%± and 0.2-0.5 mm) and 
elongated prismatic (1%± and 0.1 x 1 mm). Quenched texture is locally found at a few 
pyroxene phenocryst, where fibrous pyroxene crystalline extends along the C direction of 
pyroxene. The elongated pyroxene phenocryst often presents as skeletal crystal with 
hollow core. The primary groundmass, composed of micro pyroxene and glass, now is 
composed of quartz and sericite with micro intergranular texture preserved. Magnetite, 
spinel, and rutile also exist in the rock.
Andesite
There is one andesitic sample in the study.
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— l-6 a: The rock has porphyritic texture. Phenocrysts include platy plagioclase (40%± 
and 0.25-1 x 0.5-2 mm size) and hornblende (20%± and 0.25-0.5 x 0.5-1 mm size). 
Plagioclase has completely been altered to albite and sericite with preserved subhedral 
pseudomorph. Hornblende is light brown subhedral prism, and has largely been altered to 
green hornblende and actinolite. There are a few biotite grains (« 1 % ) found in the thin 
section. They are euhedral and have been replaced by chlorite. The groundmass is now 
composed of quartz, actinolite, chlorite, Stilpnomelane (I%±), calcite, magnetite (2%±), 
and relict spinel.
Dacite
There are ten dacites in this study.
 17-7: The rock has porphyritic texture. Plagioclase phenocrysts are subhedral grain
(15%± and 0.5-3 mm size) and subhedral plate (15%± and 0.2-1 x 0.5-3 mm size). They 
have been altered to albite and sericite but retain the plagioclase phenocryst pseudomorph 
and the twinning. Quartz phenocryst (<5% and 0.2-1 mm) is anhedral grain, occasionally 
presents as euhedral hexagonal grain. Hornblende phenocryst (7%± and 0.05-0.25 x 0.1-1 
mm) is subhedral prismatic, and has brown color. Brown hornblende is altered to green 
hornblende and chlorite along the edge and cleavage. The groundmass is composed of 
micro quartz, albite, chlorite, and needle Stilpnomelane. Magnetite, calcite, and sphene 
are also found in the rock.
 17-8: The rock has porphyritic texture. Plagioclase phenocryst (25%± and 0.2-3 mm
size) is subhedral grain and short plate. Plagioclase is completely altered to albite and 
sericite. Quartz phenocryst (<5%± and 0.1-1 mm size) is anhedral to euhedral grain. 
Brown hornblende (6 %± and 0.05-0.2 x 0.1-2 mm size) is subhedral to euhedral prism. 
Hornblende altered to actinolite and chlorite along cleavage. The groundmass is 
composed of albite and quartz. Magnetite, sphene, ilmenite, and apatite are also found in 
the rock.
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 1-9C: This is a potash-silicon metasomatized dacite. The rock is porphyritic.
Plagioclase phenocryst is about 10% of total rock volume, and is replaced by micro 
quartz and sericite. The pseudomorphs are euhedral to subhedral grains and plates, 0.2-2 
mm in size. The primary quartz phenocryst is about 3% of total rock volume, and is 
subhedral to anhedral grain. The primary hornblende phenocryst is euhedral prism, 2%± 
and 0.1-0.5 mm. The hornblende is completely replaced by micro quartz and sericite. The 
groundmass, now, is composed of quartz, albite, microcline, calcite ( 1%±), sericite, and 
magnetite. Calcite is euhedral to subhedral, and also occurs along the pseudomorphs of 
plagioclases. Pyrite and apatite also exist in the rock.
 31-3: The rock is porphyritic. The phenocrysts include plagioclase (20%± and 0.2-2
mm size), hornblende (5%± and 0.05-0.2 x 0.2-1 mm size), and quartz (1%± and 0.1-0.5 
mm size). Plagioclase, altered to albite, is outlined by the weathered cloudy pattern, and 
is presented as subhedral grain and short plate. Hornblende is subhedral elongated prism, 
brown color. The hornblende is largely preserved and starts to alter to chlorite and calcite 
along the edges and cleavages. Quartz phenocryst is anhedral. The groundmass is 
composed of quartz, albite, chlorite, sericite, and calcite. Epidote, sphene, ilmenite, and 
pyrite also exist in the rock. Sphene with rhombohedral pseudomorph includes anhedral 
ilmenite remains, which indicates that ilmenite gives way to sphene during the 
metamorphism.
 53-1 A: The rock has porphyritic texture. The phenocrysts are plagioclase (30%± and
0.1-2 mm), hornblende (5%± and 0.05-0.2 x 0.2-1 mm), biotite (1%± and 0.2x0.6 mm) 
and quartz (<1% and 0.1-0.5 mm). Plagioclase is euhedral grain and plate with well 
developed twinning. It has been altered to albite and sericite, and is outlined by the 
sericite "cloud". Hornblende is euhedral needle, and has brown to brownish green 
pleochroism. This primary hornblende is largely preserved, and is altered to actinolite, 
calcite, and chlorite at the edges and cleavages. Biotite is euhedral sheet with deep brown 
color. Biotite, outlined by magnetite, is largely altered to chlorite and magnetite, and only
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the center is preserved. The groundmass is composed of albite, quartz, sericite, and 
chlorite. Epidote, magnetite, sphene, and apatite also exist in the rock.
 53-2B: The rock is porphyritic. Phenocrysts include plagioclase (40%± and 0.2-0.5
mm), quartz (10%± and 0.2-0.5 mm), biotite (2%± and 0.2 x 0.4 mm), and hornblende 
(<1% and 0.2 mm). Plagioclase phenocryst is euhedral to anhedral grain, and has been 
altered to albite. There are chlorite patches in some plagioclases. Quartz phenocryst is 
subhedral to anhedral grain, and includes microcline patches. Biotite is euhedral, brown 
color, and is partly altered to chlorite along cleavages. Hornblende is euhedral, and is 
altered to chlorite and actinolite. Albite, quartz, and chlorite (5%±) are the major minerals 
in the groundmass. The rock has xenolith that is homblende-dacitic. Calcite (5%±), 
epidote, magnetite, apatite, and sericite are also found in the rock.
 55-1 A: The rock has porphyritic texture. The phenocrysts include plagioclase (30%±
and 0.2-3 mm), quartz (5%± and 0.2-1 mm), and biotite (1%± and 0.1 x 0.2 mm). 
Plagioclase phenocryst is subhedral to anhedral granular. It is altered to albite and 
sericite, but preserves the zoning in some grains. Quartz phenocryst is anhedral grain. 
Biotite is subhedral, brown color, and is largely altered to chlorite. Albite, quartz, sericite 
are the major minerals in the groundmass. Calcite (5%±), magnetite, sphene, and apatite 
also exist in the rock.
 83-1: The rock is porphyritic. The phenocrysts are plagioclase (25%± and 0.1- 3
mm), quartz (5%± and 0.1-1 mm), and hornblende (2%± and 0.2-1 mm). Plagioclase is 
euhedral to subhedral grain and short plate. It has been altered to albite and sericite. 
Quartz phenocryst is anhedral granular. Hornblende is elongated subhedral to euhedral 
prism, and is replaced by chlorite, carbonates, and magnetite. The crystal form and 
cleavage of hornblende are outlined by magnetite. Albite and quartz are the major 
minerals in the groundmass. Calcite (5%±) and trace amounts of dolomite and ankerite 
are found in the rock. Dolomite appears to be coexisting with ankerite and albite. Epidote, 
magnetite, chalcopyrite, and rutile also exist in the rock.
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 128-1: The rock has porphyritic texture. The phenocrysts are plagioclase (10%± and
1-3 mm), hornblende (7%± and 0.2-0.5 x 0.5-1 mm), and biotite (3%± and 0.3 x 0.6 mm). 
Plagioclase phenocryst is subhedral granular, and is altered to albite and sericite. The 
primary hornblende is subhedral to euhedral, and is altered to patched brown-green 
hornblende and green actinolite. The brown-brownish green biotite is euhedral sheet, and 
is slightly altered to chlorite along the cleavage and edge. The groundmass is composed 
of albite, quartz, and micro orthociase. They are 0.1-0.2 x 0.2-0.4 mm in size, subhedral 
to anhedral. The orthociase has well developed carlsbad twinning, and is a primary 
igneous phase. Chlorite is also found in plagioclase phenocryst. Calcite, magnetite (4%±), 
epidote, and apatite also exist in the rock.
Boron metasomatized rock
 267-1: This sample is mainly composed of 85%± tourmaline, 10%± quartz, and 5%±
chlorite. The original texture and minerals are not preserved. The tourmaline is subhedral 
prismatic (0.1 x 0.5 mm), and is not oriented. It has colorless-deep brown pleochroism.
The quartz is fine crystalline associating with chlorite in the triangle area between 
tourmalines. Chlorite is pale green. Trace amounts of magnetite, rutile, and spinel also 
exist in the rock.
Si-B metasomatized rock
Seventeen samples are included in this group.
 210-1: The rock is strongly altered and has banded structure. The green-band,
concentrated in fuchsite, tourmaline, and chlorite, is interbedded with the light-band that 
is concentrated in quartz. The rock is not homogeneous and it, in some parts, is rich in 
green bands. 210-1 a is sampled from the more representative part of the hand specimen,
210-lb is from the more light-band rich part, 210-lc is from the more green-band rich 
part. The rock still preserves the igneous porphyritic texture and quenched textures such
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as spinifex texture, and the igneous mineral chromite as well. The original phenocrysts 
are replaced by micro quartz with euhedral olivine grain shape preserved ( 10%± and 0.2- 
1 mm) (Fig. 6.4a). Some of the olivine grains preserve the skeletal hollow core pattern 
and the skeletal fibrous crystal enlargement pattern. The pseudomorph of original micro 
spinifex pyroxene is also preserved. It is generally random, rarely dendritic. The light- 
band preserves the original texture better with chlorite and quartz replacing the original 
glass in the groundmass. The green-deep green part preserves much less original texture, 
and also presents stylolitic structure indicating certain degree of volume compression. 
Chromite is largely concentrated along these stylolitic lines.
 210-2: The sample is collected from a volcanic flow, but rock is strongly altered.
The original igneous texture and minerals are almost completely destroyed except for the 
subhedral chromite and some poorly preserved pseudomorphs of granular olivines (0.5 
mm) and prismatic pyroxenes (0.2-0.4 x 0.5-1 mm). The rock, now, is composed of 
quartz (80%±), fuchsite (10%±), pyrophillite (5%±), and tourmaline (2%±). Quartz, 
mainly presents as micro crystal chert, replaces the primary igneous minerals. Fuchsite is 
flaky, forms 0.4-1 mm aggregates in the primary groundmass. Pyrophillite forms 0.5 mm 
spherical curly flask aggregates. Trace amounts of tourmaline, stilpnomelane, magnetite, 
rutile, and chromite also exist in the rock.
 210-3: The rock is from a volcanic flow, and is strongly altered. The pseudomorphs
of the original phenocrysts are partially preserved, as well spinifex textures (Fig. 6.4b, c).
The olivine-like shaped micro quartz assemblage patches look resembling the euhedral 
grain. Chromite is largely preserved. The rock is, now, mainly composed of quartz 
(60%±) and fuchsite (35%±). The cherty quartz exists mainly in the pseudomorphs of the 
original igneous grains. Quartz also forms veinlet. The fine flaky fuchsite mainly presents 
in the original groundmass. There is about 3% of calcite coexisting with quartz in the 
veins. Chlorite is very little, and only found in the quartz vein. Trace amounts of















Fig. 6.4 SEM backscatter electron micrographs of 
altered komatiite
a. Si-B metasomatized spinifex komatiite (210-1). Micro 
crystalline quartz (Q) replaces the primary igneous 
phenocrysts with olivine pseudomorph, fuchsite (Ser) 
and chlorite (Chi) occurs in the groundmass.
b. Si-B metasomatized spinifex komatiite (210-3). The 
chicken-track spinifex texture is preserved.
c. Si-B metasomatized spinifex komatiite (210-3). The 




tourmaline, magnetite, stilpnomelane, and chromite also exist in the rock. Stylolitic 
structure, outlined by the concentrated chromite, is also found in the rock.
 210-7A: This is a strongly altered rock. The original volcanic laminar structure is
still seen, which presents several well developed grain size cyclothems. The coarse (0.2- 
0.5 mm) angular ash grain, found at lower part of a cycle, gradually change to fine (0.01 
mm) ash at the upper part. The rock has stylolitic structure outlined by the iron oxide and 
chromite. The rock is mainly composed of quartz (50%±) and sericite (50%±). 
Tourmaline, stilpnomelane, chromite, and magnetite also exist in the rock.
 210-7B: This is a strongly altered rock. The original laminar structure is preserved,
and is outlined by iron oxide and the remains of organic materials. The rock is mainly 
composed of micro quartz (50%±), flaky sericite (45%±), acicular tourmaline (1%±), and 
trace amounts of magnetite and rutile.
 210-12: The rock has spherulitic structure. The spherulite is 1-2 mm in size and
about 80% of the total rock volume. They are, not concentric, aggregates of ash-size 
angular grains (0.1-0.5 mm). The grains in spherulite are replaced by cherty quartz only, 
or by cherty quartz and sericite. The spherulite is outlined by remains of organic material 
and magnetite, and it is cut by cherty vein, sericite vein, and acicular tourmaline. The 
groundmass between these spherulites are replaced by almost pure cherty quartz. 
Stilpnomelane also exists in the rock.
 210-14: Thin sections 210-14a and 210-14b are made from one sample, and they
represent the tourmaline and quartz rich parts of the sample respectively. The rock has 
laminar structure that is outlined by the original grain size cyclothems and the remains of 
organic material. 210-14a is composed of cherty quartz (60%±), flaky fuchsite (30%±), 
and acicular tourmaline (5%±). Magnetite and rutile are also found in the thin section.
The quartz rich part (210- 14b) is essentially composed of cherty quartz. Later quartz 
veins cut through the original lamellae. Fuchsite and tourmaline are common minerals in
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these later quartz veins. Chromite, magnetite, and rutile also exist in this part of the 
sample.
 210-18: The rock is strongly altered, only partially preserves the spherulitic
structure. The spherulites, outlined by the remains of organic material, are obscured by 
acicular tourmalines. The rock is composed of cherty quartz (80%±), tourmaline (15%±), 
and fuchsite (5%±). Magnetite exists in the rock.
 228-1: Samples 228-1 A, B, C are from a big heterogeneous rock slab. 228-1A is
sampled at green mineral concentrated layers, 228-IB is from the fuchsite rich layers, and
228-1C is from cherty layers. These samples have laminar structure, and the lamellae are 
0.5-10 mm thick. The deep green laminar is mainly composed of acicular tourmaline(20- 
50%) and micro quartz (50-80%). The light green laminar is rich in quartz (>90%).
Chlorite and fuchsite are common minerals in this laminar.
 228-2: This rock has laminar structure, and is strongly altered. The laminar is
indicated by the ash size cyclothems. The original grain is outlined by the remains of 
organic material. The rock is, now, composed of micro quartz (80%±), chlorite (10%±), 
fuchsite (10%±), and tourmaline. Later quartz vein, contains chlorite and fuchsite, cut 
through the lamellae.
 228-5: This is a strongly altered rock. The original granular grain is replaced by
micro quartz, and the grain pseudomorph can still be seen. Because these pseudomorphs 
have euhedral shape, though difficult to name the original mineral, the original grains 
were probably igneous origin. The rock is composed of quartz (60%±), chlorite (15%±), 
pyrophillite (20%±), fuchsite (<5%), and trace amount of tourmaline.
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APPENDIX B. PETROCHEMISTRY
Introduction
Komatiitic and basaltic rocks in the Archean greenstone beits are wideiy 
considered as one of the most important aspects to study the early earth because they 
were derived from the ancient mantle-crust interaction (Sun and Nesbitt, 1978; Jahn et 
al., 1982; Smith and Erlank, 1982; Viljoen et al., 1983; Sun, 1984; Arndt, 1986; 
Herzberg, 1992; Byerly et al., 1995). However, there is no fresh komatiitic rock in these 
belts. All rocks experienced metamorphism, and some had been modified by low 
temperature alteration. It is important to understand the chemical effect of the 
metamorphism and the low temperature alteration on these volcanic rocks in order to 
appropriately evaluate the chemical information contained in these rocks and to draw 
conclusions.
The greenschist metamorphism and the low temperature alteration zone are 
common characteristics in these greenstone belts, and many researchers have tried to 
distinguish the primary igneous signatures from the late alteration prints (Viljoen and 
Viljoen, 1969a; Anhaeusser, 1969; Button, 1979; Lowe and Byerly, 1986; Duchac and 
Hanor, 1987; Byerly and Palmer, 1991; Cloete, 1991; Lahaye, 1995). The intention of 
this chapter is to discuss the chemical variation of the rocks based on the bulk rock 
analysis. A single flow of komatiite is used as an example to depict the igneous chemical 
trend and the chemical effect of the metamorphism. Five altered basalts from a single 
flow and 4 other samples are studied for the chemical feature of the low temperature 
alteration.
Petrochemistry
The chemical composition of 58 rock samples, analyzed by ICP-AES and XRF 
techniques that have been described and discussed in chapter 3, is listed in Table 7.1. The 
petrography description of these samples were provided in chapter 2. Sample 267-2 is an
162
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Table 7.1. Bulk rock chemical composition of samples from BGB
Rock type Sill ! 01 cumulate j  Cpx cumulate Komadite
Sample 267-2j 106-2* 78-5j 78-6 78-8 224-10* 224-14* 229-la  229-lb  229-2 229-3 229-5
S i0 2 Wt% 39.811 47.76 34.02! 50.68 49.72!
T i0 2 Wt% 0.151 0.1083 0.19! 0.43 0.42!
A1203 Wt% 1.74 i 6.36 2.181 4.94 2.75!
FeO* Wt% 15.021 7.77 14.21! 10.39 11.21
MnO Wt% 0.22! 0.15 0.23! 0.20 0.26
MgO Wt% 34.241 35.64 26.121 14.01 15.22!
CaO Wt% 2.15! 0.55 2.45! 14.23 15.57!
N a20 Wt% 0.201 0.03 0.56 1.28 0.871
K 20 Wt% o .o o ! 0.09 0.00 i 0.24 0.00 j
P 205 Wt% 0.05 0.04 0.03 0.04 0.091
Total Wt% 93.58 i 98.50 79.99! 96.44 96.12!
Ba ppm 8' 27 5. 76 6!
Co ppm 137! 88 220! 93 99!
C r ppm 5220! 3831 3769> 1484 1481;
Cu ppm 48 i 0 0! 34 145!
Ni ppm 2035i 1469 1319; 379 250j
Sc ppm 11 21 15 46 26:
Sr ppm O' 5 5 32 30!
V ppm 104 74 112 226 153!
Y ppm 0 5 9 50 31!
Zn ppm 93 38 118! 46 56
Zr ppm 0 9 19 68 25!
48.98 50.00 46.44 48.07 45.01 45.79 47.60
0.40 0.65 0.37 0.34 0.46 0.42 0.25
4.01 6.68 3.44 3.42 4.29 4.28 2.63
10.87 12.60 11.04 10.25 9.06 10.74 11.72
0.20 0.20 0.16 0.14 0.20 0.19 0.14
26.02 18.05 19.25 19.60 18.42 19.83 20.93
8.99 10.84 11.27 11.37 13.05 10.81 9.27
0.52 0.97 0.21 0.20 0.19 0.14 0.14
0.02 0.00 0.06 0.06 0.07 0.00 0.00
0.00 0.00 0.05 0.13 0.05 0.08 0.04
100.0 99.99 92.29 93.58 90.80 92.28 92.72
18 45 1 10 0 16 0
55 48 59 73 82 71 87
1474 1514 2386 1935 1969 2303 2270
52 99 48 231 44 59 5
689 263 872 982 243 762 1537
18 27 22 17 26 25 15
88 50 5 3 9 10 11
104 164 130 120 158 153 88
9 17 3 4 6 2 0
81 74 65 52 70 68 79
47 66 20 24 29 19 0
Rock type 
Sample 107-1* 107-8* 224-16* 224-19* 266-6 266-7
Komatiitic basalt 
266-9 266-10 268-1 268-2 29-7* 212-9*
S i0 2 Wt% 52.46 48.66 52.65 49.60 51.60 58.46 51.92 52.51 52.88 53.27 51.85 54.53
T i0 2 Wt% 0.69 0.66 0.63 0.78 0.61 0.58 0.81 0.81 0.54 0.60 0.40 0.45
A1203 Wt% 7.17 6.74 6.51 7.80 5.11 7.19 9.89 9.44 9.76 11.33 10.32 11.97
FeO Wt% 12.42 15.84 11.21 13.14 11.08 8.04 9.65 10.23 8.46 8.42 9.53 9.99
MnO Wt% 0.23 0.22 0.21 0.22 0.22 0.16 0.19 0.20 0.12 0.13 0.17 0.18
MgO Wt% 16.36 15.24 13.52 15.23 16.43 11.24 9.74 10.77 13.42 12.47 10.05 9.16
CaO Wt% 9.39 11.30 12.81 11.04 9.85 8.68 9.93 10.42 6.77 6.85 9.96 9.76
N a20 Wt% 1.11 1.23 2.30 1.98 1.00 3.43 3.17 2.94 2.96 3.59 2.63 3.93
K 20 Wt% 0.08 0.00 0.16 0.21 0.41 0.00 0.92 0.21 0.06 0.00 0.10 0.00
P205 Wt% 0.08 0.11 0.00 0.00 0.09 0.08 0.12 0.13 0.11 0.12 0.04 0.02
Total Wt% 99.99 100.0 100.0 100.0 96.40 97.86 96.33 97.66 95.08 96.78 95.05 99.99
Ba ppm 17 25 32 22 18 20 109 65 32 40 28 72
Co ppm 70 99 45 38 71 53 62 61 75 48 61 23
Cr ppm 1486 2232 819 956 1127 1113 744 803 1100 1130 810 468
Cu ppm 92 74 17 73 79 39 69 96 59 86 90 43
Ni ppm 289 636 203 186 289 256 188 192 263 270 140 111
Sc ppm 34 34 27 29 25 26 28 29 36 31 40 35
Sr ppm 25 19 97 59 18 52 79 86 41 73 89 131
V ppm 197 219 162 169 170 165 191 196 207 221 208 179
Y ppm 16 25 12 13 23 19 26 22 11 23 10 9
Zn ppm 101 115 58 89 101 84 84 84 57 60 72 59
Zr ppm 48 38 46 59 82 65 102 81 56 79 25 64
(Table con'd)







l-42b lA2c  l-42d l-42ej 17-7* 17-8*
Dacite
1-6*
S102 Wt% 52.51! 52.45 49.64 50.03! 47.82 4558 47.35 54.72 59.29! 64.40 64.72 54.79
T i0 2 Wt% 0*571 1.00 0 5 9 2.04 i 0.88 0.86 0.87 0.78 0.801 0.68 0.63 156
A1203 Wt% 15.36 j 15.04 15.65 11.15! 12.43 12.50 12.23 11.29 11.73! 16.80 16.39 13.45
FeO Wt% 9.28! 10.85 9.28 12.48! 9.39 11.54 12.03 6.86 2.94! 4.79 451 13.42
MnO Wt% 0.201 0.16 0.15 0.19: 0.19 0.18 0.14 0.12 0.14! 0.06 0.05 0.19
MgO Wt% 10.01 7.47 8.13 7.241 3.06 4.07 4.97 3.10 2.77j 1.99 1.72 3.75
CaO Wt% 4.87! 10.01 9.76 756: 8.66 9.89 7.14 7.45 6.71! 2.64 2.49 3.74
N a20 Wt% 4.881 2.83 2.95 2.72! 0.13 0.18 0.22 0.09 0.00! 6.29 7.21 4.90
K 20 Wt% 2.04! 0.08 0.17 1.33! 2.62 2.21 2.05 3.19 4.08 i 2.14 2.07 0.33
P205 Wt% 0.28! 0.08 0.11 0.22! 0.17 0.19 0.20 0.13 0.15! 0.20 0.22 0.21
Total Wt% 100.0' 99.97 96.43 94.96! 85.35 87.20 87.20 87.73 88.61: 100.0 100.0 96.34
Ba ppm 11831 28 28 603! 99 239 55 77 299! 400 560 59
Co ppm 48! 42 45 89! 40 50 56 43 23! 16 42
Cr ppm 130 210 247 326! 146 161 132 132 100! 17 3
Cu ppm 195 66 192! 224 250 265 168 225 26 12 116
Ni ppm 50 : 116 154 223: 67 101 124 72 36] 24 12 15
Sc ppm 10! 37 25 35 33 32 30 27 29! 7 5 18
Sr ppm 432! 131 100 313 23 29 20 15 9 1 292 316 64
V ppm 148 325 186 300: 345 329 313 268 251! 72 256
Y ppm 22! 32 21 33. 14 11 10 6 15 15 13 41
Zn ppm 139 82 70 131 152 151 138 90 61 107 57 97









S i02 Wt% 72.39 64.57 60.51 60.86 67.59 67.64 62.35 73.33 75.91 42.80; 70.58 86.53
T i0 2 Wt% 0.22 0.68 0.54 051 0.48 0 5 0 0.62 1.39 0.95 1.21 0.29 0.25
A1203 Wt% 12.71 17.09 17.48 15.44 14.71 14.75 15.36 12.63 13.56 29.30' 9.18 8.36
FeO Wt% 0.31 4.84 4.73 3.28 3.03 3.17 6.22 0.38 1.74 8.00 9.85 0.71
MnO m % 0.02 0.07 0.08 0.96 0.02 0.04 0.12 0.01 0.01 0.05 0.12 0 .0 1
MgO Wt% 0.81 1.66 3.34 2.60 1.13 251 2.87 0.31 1.39 6.35 1.76 0.25
CaO Wt% 1.38 2.80 2.35 4.40 1.60 1.19 3.36 0.16 0.19' 0.48! 0.15 0.16
N a20 Wt% 0.00 6.20 4.32 5.90 5.86 6.11 4.04 0.12 0 .1 1 2.20' 0.76 0.24
K 20 Wt% 10.15 1.87 6.29 2.12 2.92 0.64 4.65 10.12 3.66! 0.00 0.20 1.13
P205 Wt% 0.09 0.22 0.36 0.38 0.36 0.14 0.41 0.13 0.18! 0.12 0.07 0.05
Total Wt% 98.08 100.0 100.0 96.45 97.69 96.69 100.0! 98.58 97.70' 90.52 92.97 97.69
Ba ppm 240 436 1853 1549 2260 261 2104! 120 164 3 16 16
Co ppm 0 13 23 9 6 12 23 27 41 7
Cr ppm 28 19 98 69 74 60 59 45 803 396 2648 2884
Cu ppm 8 20 68 32 581 32 400 100 8 12 0
Ni ppm 5 10 57 21 21 55 8 10 84 783: 766 134
Sc ppm 2 6 10 10 6 6 9 49 41 9
Sr ppm 9 272 658 1046 784 202 1284 18 9 136 2 0
V ppm 8 76 84 68 61 31 95 157 359 366 208 119
Y ppm 3 11 23 25 20 12 33 27 14 16
Zn ppm 6 92 99 49 40 65 82. 82 119 52
Zr ppm 113 169 232 225 215 166 178 92 55 100! 48 58
(Table con’d)
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Rock type 
Sample 210-3 210-7
B, Si-altered komatiitic rock 
210-12 210-14a 210-18 228-lb  228-lc 228-2 228-3 228-5
S i02 Wt% 75.21 62.18 91.76 71.70 84.90 69.44 85.99 82.26 77.28 62.00
T i0 2 Wt% 0.33 2.31 0.18 1.39 0.30 1.38 0.60 0.41 1.06 1.11
A1203 Wt% 11.40 23.60 4.28 15.57 6.90 14.30 5.23 4.57 11.78 12.38
FeO Wt% 2.94 0.37 0.51 1.85 1.99 7.00 4.43 3.83 1.50 2.14
MnO Wt% 0.08 0.00 0.00 0.00 0.00 0.07 0.06 0.03 0.01 0.02
MgO Wt% 2.11 0.22 0.26 0.65 0.49 1.62 0.82 0.95 0.21 0.32
CaO Wt% 2.33 0.12 0.16 0.20 0.00 0.25 0.36 0.13 0.07 0.01
N a20 W t% 0.11 0.31 0.00 0.19 0.17 0.53 0.18 0.14 0.20 0.13
K 20 Wt% 2.66 6.42 0.57 2.38 0.00 1.27 0.52 0.49 2.70 0.36
P205 Wt% 0.06 0.10 0.04 0.08 0.07 0.20 0.10 0.09 0.12 0.19
Total Wt% 97.23 95.63 97.75 94.02 94.82 96.05 98.29 92.89 94.92 78.66
Ba ppm 71 68 29 52 15 111 42 49 133 33
Co ppm 15 16 0 0 5 237 159 7 33 21
Cr ppm 3046 465 416 404 275 3499 2487 430 40 16
Cu ppm 0 0 0 0 0 256 100 87 84 65
Ni ppm 379 14 11 198 109 1094 664 166 n o 123
Sc ppm 18 29 8 18 8 38 16 18 20 24
Sr ppm 4 43 0 20 22 33 2 12 I 15
V ppm 136 341 95 202 129 287 149 132 228 249
Y ppm 14 38 13 27 10 28 20 18 25 27
Zn ppm 25 1 0 28 40 97 104 43 2 23
Zr ppm 50 200 44 158 36 132 71 79 109 105
*— analyzed by X R F f (others were analyzed by ICP-AES)
+— all Fe is listed as FeO
t — some XRF data are given on the basis o f  anhydrous due to the lack o f  loss on ignition value
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ultramafic sill associated with komatiitic rocks. Samples 106-2 and 78-5 are olivine 
cumulates from the lower part of komatiitic flows. 78-6 and 78-8 are two pyroxene 
cumulates from the same lava flow as sample 78-5. The table also includes 7 komatiites, 
14 komatiitic basalts, three basalts, 5 carbonatized basalts, 10 dacites and altered dacites, 
two highly silicified and potassium metasomatized basalts, a strongly boron 
metasomatized basalt, and 12 strongly silicon-boron metasomatized komatiitic rocks.
The Si02 content of the rocks ranges from 42.54 wt% in a ultramafic sill to 89.53 
in a strongly silicified komatiitic rock on anhydrous basis, A120 3 from 1.86 in the 
ultramafic sill to 32.37 in a boron metasomatized rock, FeO from less than one percent in 
altered dacites and silicon-boron metasomatized rocks to 17.77 in an olivine cumulate, 
MgO from less than one in some altered samples to over 36 in the ultramafic rocks, CaO 
from near zero in some altered rocks to 16.2 in the pyroxene cumulate, Na20  from near 
zero in most rocks to over 7 in a dacite, K20  from close to zero in most rocks to over 10 
in a potash metasomatized rock, and FeO/(FeO+MgO) ratio from 0.18 in a olivine 
cumulate to 0.88 in a silicified rock. The FeO/(FeO+MgO) ratio generally increases with 
the S i02 content of the rock. The metamorphosed sill, cumulates, komatiites, komatiitic 
basalts, and basalts are chemically similar to their fresh igneous counterparts. Therefore, 
the greenschist metamorphism was generally an isochemical process.
The Si02, MgO, FeO, and A120 3 contents in the rocks were plotted in two ternary 
diagrams (Fig. 7.1). The arrows indicate the general chemical trends of igneous variation. 
The regions of the dashed lines outline the chemical composition of the altered samples. 
In the igneous process, S i0 2, A120 3, and FeO/(FeO+MgO) ratio increase from ultramafic 
rock to basaltic and dacitic samples. The altered samples are consistently low in MgO 
content with wide ranges of FeO and S i0 2 or A120 3. The rock data is also presented in an 
AFM plot (Fig. 7.2), in which a calc-alkaline trend (e.g. Kuno, 1968) is represented by 
the plots of komatiitic samples. The altered samples are largely scattered along the FeO- 
(Na20+K20 ) sideline.
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x Pyroxene cumulate 
°  Komatiite
*  Komatiitic basalt 
a  Basalt
▼ Carbonatized basalt
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□ Silicified basalt
*  Boron alt rock
* Si-B alt rock
Fig. 7.1 Rock oxide ternary diagrams. The metamorphosed-only ("fresh") volcanic 
rocks show clear igneous chemical trends indicated by arrows. The plots of the 
rocks that experienced low temperature alteration are outlined by the dashed lines.
* Olivine cumulate
x Pyroxene cumulate 
o  Komatiite
♦ Komatiitic basalt 
a  Basalt
▼ Carbonatized basalt
* Dacite and Alt dacite 
□ Silicified basalt
•  Boron alt rock
♦ Si-B alt rock o.6
F (FeO) Fig. 7.2 AFM diagram. The 
"fresh" volcanic rocks from BGB 
present a calc-alkaline trend 
(indicated by the arrow). The 
dashed line encircles the plots of 
the samples that experienced low 
temperature alteration.
1.0
A (Na,0+K-,0) M (MgO)
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AI2 0 3 /Ti0 2 ratio has been suggested to be an important chemical characteristics 
of komatiitic rocks and two groups of komatiitic rocks have been proposed based on the 
ratios 20 and 10 (Smith and Erlank, 1982). Byerly (personal communication) further 
suggests that three types of komatiitic rocks with ratios of <15, 15-30, >30 may be 
distinguished based on the study of komatiitic rocks from Mendon and other Formations 
of BGB. He reports that the ratio is commonly about 10 in the BGB samples, but can be 
as high as 80 in some rocks from the Mendon Formation. Fig. 7.3a presents the 
relationship of Al20 3  and T i0 2 of samples in this study. It shows that the ratio in these 
samples ranges from 5.5 to 58.9. The plots in Fig. 7.3a present two clear trends with the 
Al20 3/T i0 2 ratios about 10 and 30, which are consistent with Byerly's type 2 and type 1 
komatiitic rock series. Since the altered samples, included in the plotting, also fall along 
the two trends, the two oxides were either less mobile or proportionally modified during 
the low temperature alteration. Fig. 7.3b shows common igneous correlation between Ni 
and Cr content in the rocks. However, the altered samples plotted below the line. This 
indicates that Cr was less mobile than the Ni during the alteration. Fig. 7.3c is a scatter 
diagram of S i0 2 and Na20+K20  in the samples. The trend of Na20+K20  increasing with 
S i0 2 is consistent with the igneous trend. However, the plots of altered samples outlined 
by the dashed line is significantly deviated from the igneous trend, resulting from a non- 
igneous process.
Chemical variation of a komatiitic flow
Samples 229-lb, 229-2, 229-3, 229-5, collected across a single komatiite flow, 
are "fresh" (only metamorphosed) igneous samples and 229-la is a komatiite from the 
above flow (Fig. 7.4). The figure is a generalized illustration of a typical intermedium- 
thick komatiitic flow. A single specimen across the boundary of the bottom of the above 
flow (229-la) and the top of the flow (229-lb) were collected. The chemical 
compositions of the bottom and the top near the boundary were analyzed separately.













0 1000 2000 3000 4000 5000
15 Cr(ppm) * Olivine cumulate
x Pyroxene cumulate
O Komatiite 
+ Komatiitic basalt 
a  Basalt
▼ Carbonatized basalt
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□ Silicified basalt
•  Boron alt rock
♦ Si-B alt rock
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Fig. 7.3 Scatter plots of BGB bulk rock chemical components, a. Al20 3-T i02 plot
shows that the Al20 3/T i02 ratios of the altered samples fall along the 10 and 30
ratio lines formed by the "fresh" rocks; b. the Ni-Cr plot shows that the Ni content 
were removed relative to Cr during alteration; c. the (Na20+K 20)-S i02 plot, in
which the altered samples deviate from the trend of the "fresh" rocks.
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229-1 a quenched bottom of the above flow 
229-lb quenched top of the flow
229-2 Random spinifex zone 
229-3 Oriented spinifex zone
229-5
Accumulate zone
Fig. 7.4 Komatiite flow from Komati Formation, Lostin Valley. 
Samples 229-lb, 2, 3, 5 were collected across a single flow from the 
lower part to the top, and sample 229-la was sampled at the bottom of 
the above flow.
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Petrography study on a thin section that crosses the bottom-top boundary reveals a mirror 
pattern along the boundary that is represented by the changing in crystal size, texture, and 
color. There is a half-centimeter zone of chilled polyhedral microjoints along the 
boundary in both the flow top and the bottom of the above flow. Then the microcrystals 
in both sides form chicken track type microspinifex texture that is about another half­
centimeter thick. However, the flow top below the boundary quickly develops bigger 
random-spinifex texture while the flow bottom above the boundary remains the same for 
the next few centimeters. Sample 229-2 has randomly oriented spinifex texture and was 
from the upper part of the flow, the random spinifex zone. Sample 229-3 has porphyritic 
and oriented parallel spinifex texture, and was from the middle part of the flow, the 
oriented spinifex zone. Sample 229-5 also has oriented spinifex texture and was collected 
from the lower part of the oriented spinifex zone.
Because of the high emplacement temperature and high Mg content, komatiitic 
melt is low in viscosity, and crystal fractionation occurs in the melt after eruption 
(Viljoen et al, 1983). Therefore, zonation is a common feature in the flow with slightly 
higher percentage of clinopyroxene in the upper part of the flow and slightly higher 
olivine percentage in the lower portion. The flow top margin, mostly the bottom margin 
too, is likely has the initial or average composition of the erupting melt. This type of 
fractionation can be used to interpret the chemical variation across the flow zonation. The 
chemical profiles across the flow described above is presented in Fig. 7.5. The 
normalized oxide concentration is given by the horizontal axis and the vertical direction 
coordinates with the sample positions from the lower part to the top of the flow. The 
upper most sample is the one collected from the bottom of the above flow.
It is clearly shown in Fig. 7.5 that the olivine compatible elements, such as Mg 
and Ni oxides, present similar chemical variation. They are higher in the lower part of the 
flow because of the slightly olivine enrichment due to crystal fractionation. The two 
oxides have lowest values in the clinopyroxene rich upper part. The most striking feature
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Fig. 7.5 Chemical profile of komatiite flow. Samples 229-lb, 2, 3 ,5  were 
collected from the top toward the lower part of a single flow. Sample was from 
the bottom of the above flow.
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is that the flow top sample (229-lb) and the bottom sample (229-la) from the above flow 
have same MgO and NiO contents. This indicates that the two consecutive flows have 
very similar initial chemical compositions. The figure also shows that the chemical 
variation patterns of T i0 2, A120 3, and MnO are almost identical. Relative to the melt and 
clinopyroxene, these three elements are incompatible to olivine, hence are likely driven 
to the upper zone of the flow and are slightly depleted in the lower zone. The flow top 
and the above flow bottom also have similar concentrations of these three components.
In all cases, the concentrations of MgO, NiO, T i02, A120 3, and MnO in the chilled 
margins are between those of the upper and lower zones, which is reasonable as they 
represent the initial composition at eruption. CaO is enriched in the upper zone where 
clinopyroxene is concentrated, and CaO contents in the two chilled margin samples are 
the same. FeO and Cr20 3 chemical variation patterns might relate to the fractionations of 
magnetite and chromite. The two chilled samples have different concentrations of FeO 
and Cr20 3. This implies that the effect of quicker crystal fractionation due to the larger 
density for magnetite and chromite than that for olivine. As a result of this effect, 
magnetite and chromite might slightly concentrated at the chilled bottom margin than the 
top margin. Na20  and K20  are believed to be changed during low temperature alteration 
after eruption or during the greenschist metamorphism (Smith and Erlank, 1982; Viljoen 
et al., 1983). Their chemical profiles in Fig. 7.5 clearly show that they have been 
enriched in the upper part and at the flow boundary. Therefore, Na and K in the 
komatiitic samples have been modified and they are less likely containing information 
about the igneous process. Si02 content in the chilled samples seems to have been 
modified by the alterations because the two chilled samples have different 
concentrations. The geological meaning of the S i02 pattern across the flow is still 
unknown, and more work needed to understand its variation. A few conclusions can be 
drawn based on the study of Fig. 7.5:
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(1). Most chemical components in these "fresh" komatiites are characterized by 
igneous process and were relatively immobile during the metamorphism.
(2). Olivine crystallization is the most important factor to govern the chemical 
variation across the flow.
(3). T i02 and A120 3 are variable across the flow, but the ratio between them is 
constant due to the olivine crystallization. Therefore, this ratio contains information 
about the melt source.
(4). Na20 , K20 , and probably Si02 were modified by alteration.
(5). The alteration has stronger effect on the samples at the boundary, which 
implies that the chemical modification occurred along the flow surface and the boundary.
It might happen shortly after the eruption while the rock was exposed to the seawater or 
due to the trapped water in flow boundary by the above flow.
Chemical alteration of basalt
Chemical alteration of basalt is evaluated in this study by chemical comparison 
and mass balance calculation of 5 progressively altered basalts from a single flow and 
two "fresh" basalts and two most altered basalts. Samples l-42a, b, c, d, e were sampled 
across a single basalt flow from the lower part to the upper part (Fig. 7.6). The flow 
experienced alteration, mainly carbonatization and sericitization, but all samples preserve 
the primary igneous structures and textures, such as porphyritic texture and amygdoloidal 
structure. The flow is directly under a chert layer and the flow top is a highly silicified 
pillow zone. The field outcrop shows the alteration starts from the top and progresses 
downward. The petrographic study, given in chapter 2 of this study, further confirms that 
the alteration decreases its magnitude from the top to the bottom. From the bottom to the 
top of the flow, sericite percentage decreases at first, then increases from the middle 
position; quartz also mainly increases from the middle to the top; chlorite presents a 
decrease from the middle; and ankerite replaces calcite and chlorite while total of
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Net-veined black chert 
Highly altered pillow zone (top of flow)
l-42e Variolitic and pillowed zone
l-42d slightly vesicular basalt zone
l-42c none vesicular basalt zone 
l-42b slightly vesicular basalt zone
l-42a none vesicular basalt zone 
base of flow
Fig. 7.6 A single carbonatized and sericitized basalt flow. From the relatively fresher 
bottom to the strongly altered top, ankerite, sericite and quartz generally replace 
chlorite and calcite. The top is a highly altered pillow zone that is under a chert layer.
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carbonates increases slightly. Two "fresh" basalts (samples 216-8, 266-8) and two highly 
Si-K altered basalts (samples 17-4, 17-5) were used for comparison. They have similar 
textures and structures as the l-42s and are treated as the starting composition of basalt 
and the most altered products as a first order approximation for general discussion of 
chemical variation. Samples 17-4 is characterized by potassium and silicon enrichments 
and 17-5 shows strong silicification.
Because these samples are currently composed of different model mineral 
compositions, the chemical values based on the mass per unit mass of current rocks will 
only provide the relative variation among the chemical components in the rocks. It is 
necessary to measure the density of the rocks and to adopt mass per unit volume or mass 
per unit mass of the original rock in calculating the absolute gains and losses resulted 
from alteration (Gresens, 1967). Several 1x1x5 cm3 rectangular prismatic chips of rock 
were prepared and weighed for each of the samples. The volume of the chips was 
determined by measuring the volume difference of certain amount of water and the 
water+chip. The method gives very good reproducible results for each sample. The 
weight values were confirmed by three electronic devices and the volume values were 
checked by selectively measuring the dimensions of the rock prisms using micrometers.
The calculated density values are between 2.36-3.05 g/cm3 (Table 7.2), which is a 
comparable range to that mentioned by Hanor and Duchac (1990). The well preserved 
igneous structures and textures indicate that the alteration is isovolumetric. Therefore, the 
weight per unit mass of current rock of the analysis data can be converted to mass per 
unit volume or mass per unit mass of the original rock (Table 7.2).
The five 1-42 samples alone should display a systematic chemical variation 
caused by carbonatization and sericitization because they were collected from a single 
flow with gradual increase in degree of alteration toward the top. It can be seen from 
Table 7.2 that A120 3 and T i0 2 decrease about 12-15% from the least altered (lower part 
of the flow) to the most altered (top) sample (Table 7.2). Hence these two chemical
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components were not immobile during the carbonatization (changes from calcite- 
predominated type to ankerite-predominated type) and sericitization. This is disagree 
with many previous researchers who claimed that these two chemical components were 
immobile during alteration (e.g. Pearce and Cann, 1973; Winchester and Floyd, 1977;
Table 7.2 Density and chemical concentration of basalts and altered basalts*
Sample P Si02 Ti02 A1203 FeO MnO MgO CaO Na20 K20 P205 Total
266-8 2.85 1466 17.4 462 274 4.5 240 288 87.2 5 3.1 2848
216-8 2.91 1527 29.1 438 316 4.7 217 291 82.4 2 2.3 2910
1-42A 2.81 1576 29.0 410 309 6.3 101 285 4.3 86 5.6 2812
1-42B 2.82 1476 27.9 405 374 5.8 132 320 5.8 72 6.2 2824
1-42C 2.62 1423 26.1 368 362 4.2 149 215 6.6 62 6.0 2620
1-42D 2.86 1786 25.5 369 224 3.9 101 243 2.9 104 4.2 2864
1-42E 2.75 1838 24.8 364 91 4.3 86 208 0.0 127 4.6 2746
17-4 2.38 1768 33.5 305 9 0.2 7 4 2.9 244 3.1 2377
L7-5 2.54 1973 24.7 352 45 0.3 36 5 2.9 95 4.7 2539
Sample Ba Co Cr Cu Ni Sc Sr V Y Zn Zr
266-8 0.08 0.13 0.70 0.19 0.44 0.07 0.28 0.53 0.06 0.20 0.20
216-8 0.08 0.12 0.61 0.57 0.34 0.11 0.38 0.95 0.09 0.24 0.22
1-42 A 0.28 0.11 0.41 0.63 0.19 0.09 0.07 0.97 0.04 0.43 0.13
1-42B 0.68 0.14 0.46 0.71 0.29 0.09 0.08 0.93 0.03 0.43 0.13
I-42C 0.14 0.15 0.35 0.69 0.33 0.08 0.05 0.82 0.03 0.36 0.11
1-42D 0.22 0.12 0.38 0.48 0.21 0.08 0.04 0.77 0.02 0.26 0.09
1-42E 0.82 0.06 0.28 0.62 0.10 0.08 0.03 0.69 0.04 0.17 0.08
17-4 0.29 0.00 0.11 0.95 0.02 0.00 0.04 0.37 0.00 0.00 0.22
17-5 0.42 0.00 2.04 0.25 0.21 0.00 0.02 0.91 0.00 0.00 0.14
*—Density in 1000kg/m3 and chemical concentration in kg/m3
Humphris and Thompson, 1978a, b; Hanor and Duchac, 1990). Others suggested that 
these two components were mobile, but believed that they were enriched during the 
alteration (e.g. Condie et al., 1977; Jolly and Smith, 1972). However, it is also clear that 
the Al2 0 3/Ti0 2 ratio is relatively constant among the altered samples and the change of 
the ratio is less than 4% through the flow. Therefore the ratio can be used to characterize 
the volcanic rocks and as an indicator for the melt source as suggested by some 
researchers (e.g. Viljeon et al., 1983; Byerly, 1996).
Fig. 7.7 is the chemical profile of basalt alteration mainly constructed by the five 
1-42 samples (linked by solid line). To expand the comparison to the fresh and highly 
altered samples, sample 216-8 was chosen as a "fresh" basalt for starting composition 
and sample 17-5 was selected as the most altered product based on Al20 3/T i02 ratio and
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Fig. 7.7 Chemical profile of basalt alteration. The five 1-42 samples were collected 
from a single flow and the degree of alteration increases from a to e. Sample 266-8 
and 216-8 are "fresh" basalts. Sample 17-5 and 17-4 are highly altered basalts. 
Sample 17-5 is characterized by quartz (Q) and sericite (Ser), while sample 17-4 is 
mainly composed of quartz and microcline (Mic).
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petrographic features. These two "end" members are linked to the 1-42 samples by 
dashed line. "Fresh" basalt 266-8 and a highly potash altered basalt 17-4 were also 
included in the plot as additional references. The figure provides a view about a possible 
chemical variation trend from "fresh" basalt (266-8 and 216-8) upto the carbonatized and 
sericitized basalts (l-42s, increasing alteration in the order of a, b, c, d, e), and the highly 
potash enriched sample (17-4) and silicified sample (17-5). The horizontal axis is the 
concentration of the oxides in kg/m3. From "fresh" to strongly altered samples, S i02 and 
K20  generally increase and A120 3, FeO, MnO, MgO, CaO, Na20 , and SrO decrease. The 
losses of MgO, SrO, and Na20  occurred at the early stage of the carbonitization and 
sericitization, while CaO and MnO contents drop more significantly when silicification 
and potash enrichment start. Most chemical components are largely variable, while 
A120 3, T i02, and Cr20 3 show much smaller variation magnitude. A simple gain and loss 
evaluation for Si-K alteration was made by mass balance calculation between samples 
216-8 and 17-5, and the result is shown as changes in grams per lOOg of original basalt 
for each chemical component in Fig. 7.8. This is a first order approximation as there is no 
absolute constraint about the original composition of the altered sample 17-5. Fig. 7.8 
clearly shows that the most important gains are S i0 2 and K20 , and the most important 
losses are A120 3, MgO, CaO, FeO, and Na20 . There is a net loss about 13% of the 
original mass.
Summary
A general analysis of petrochemistry of the samples in this study reveals that the 
"fresh" volcanic rocks are characterized by the igneous chemical trend for most of the 
major and trace elements. Samples with apparent superimposed low temperature 
alteration display non-igneous chemical trend with significant scatter.
The study about a single komatiite flow indicates that olivine crystallization is the 
most important driven force to cast the chemical variation across a single flow. These




Fig. 7.8 Gains and losses of silicification and sericitization. Use "fresh" basalt 
216-8 as the starting composition and sample 17-5 as the alteration product. 
The alteration is assumed as isovolumetric based on the well preserved 
textures and structures.
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chemical variation patterns, again, evidence that most elements are immobile during the 
metamorphism, hence the chemical composition of the metamorphosed komatiitic and 
basaltic rocks are appropriate to be used in the discussion of igneous processes.
However, Na20 , K20 , and possibly S i0 2 are likely to be modified even in the most 
"fresh" rocks. A120 3 and T i0 2 show significant variation across the flow, but the ratio 
between them is nearly constant, hence is an important signal of the melt source.
During sericitization with carbonatization, none of the chemical components 
shows immobility, including A120 3 and T i0 2. Nevertheless, A120 3, T i02 and Cr20 3 are 
the least variable components. Al20 3/T i02 ratio proves to be relatively constant in a set 
of altered rocks, therefore it may be used for discussing the precursors of the altered 
samples. CaO and MgO seem to be removed from the rock system during K-Si 
enrichment process or stage, while MgO and Na20  were lost at the early stage of 
carbonatization and sericitization. The comparison and mass balance calculation between 
the "fresh" and the Si-K enriched samples show that S i0 2 and K20  were gained and most 
other components were lost.
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